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TESTS OF IMPACT ON PAVEMENTS 
BY THE BUREAU OF PUBLIC ROADS 


By C. A. HOGENTOGLER, Highway Engineer, Bureau of Public Roads 


The first of a series of two articles. 





GENERAL VIEW OF SLABS. 


OR the intelligent selection of a road surface there 
must be known (1) the character and magnitude 
of the loads to be supported, (2) the condition of 

support offered by the subgrade and (3) the resistance 
of various kinds of pavements under the required con- 
ditions of loading and support. Intelligent selection 
differs from design in that the latter involves for 
roads as well as other engineering structures, inves- 
tigations of the stresses which are developed in the 
materials comprising the structure and a determina- 
tion of the resistance of these materials to the given 
stresses. While the ultimate aim of all highway 
research is to secure such data as will permit the 
rational design of road surfaces, it must be realized 
that considerable time will elapse before the information 
derived from investigations of this kind can be made 
available for use and that highway construction can not 
be postponed until such information is available. The 
U. S. Bureau of Public Roads, realizing the extreme 
need of immediate information, inaugurated three 
projects the purpose of which was to make available 
immediately, information which would help the highway 
engineer to make a rational selection of pavements. 


(3) 


WATERED DITCHES IN FOREGROUND; DRY DITCHES IN BACKGROUND. TEST BEAMS AT THE LEFT. 


From the first project, involving a study of impact 
forces produced by motor tricks,! it was hoped to 
determine to some extent the magnitude and character 
of the forces delivered to a road by motor truck wheels. 
The second project, that of impact tests on road slabs, 
was designed to throw light on the behavior and resist- 
ance of various types of pavements when subjected to 
forces similar to those produced by heavy motor 
trucks. The third project, an investigation of sub- 
grades, was undertaken for the purpose of determining 
the conditions of support that can be expected to be 
offered to the road surface by the subgrade. The 
present paper concerns only project No. 2, the impact 
tests on slabs, and gives the results obtained from 
observations made for the purpose of determining the 
resistance of the various types of pavements to impact 
forces similar to those produced by the wheels of 
heavily loaded motor trucks, and while its purpose is 
principally to help in the selection, there is also in- 
cluded information which might assist in the design 
of pavements. 





1 The Motor Truck Impact Tests of the Bureau of Public Roads, E. B. Smith, 
Public Roads, Vol. 3, No. 35, March, 1921. 
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TasLe 1-A.—Details of test sections laid on wet subgrade. 











Surface. / Joint filler. 
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Base. Cushion. | 
No. ; | iy Dat 
0% ick- ; ick- - Thick- ; Date A ate 
are Material. ete ey Material. a ee Material. laid. Material. poured 
® 1919. 
Wire cut lug brick Cement grout 1:1. July 3 
do Tar sand 1:1... July 9 
Screenings Cement grout 1: June 25 
Sand-cement 4:1 masse . June 17 
ee do:<.2 Do. 
tes Tee Do. 
Siete pe grout June 12 
ius sO0tesc es Do. 
Rae Sao June 11 
Asphalt.......... June 17 
Cement grout 1:1. June 10 
eww GOe.caeree Do. 
ane grout 1:1-...... 226 shea 22 
oe nae don, ee June 23 
Serre Cn ee a pehie yel7 
Sean GO. scone cwovaaweda eae eh eas 
Bie d0...cccantunkxncnecastae On 
TasLe 1-B.—Details of test sections laid on dry subgrade. 
Base. Cushion. Surface. Joint filler. 
ae = — are 
Oo. , . * 
Thick- ‘ Date | Thick- A Thick- . Date A | Date 
evr agt Material. | isid nee Material. mates’ Material. b Tata Material. poured 
* — a | 
Inches. | 1919. |Inches. Inches. 1919. , 
6 1 MNS 5 aetna inn na eee ee 34 | Vert. fiber brick.-......... J0613,|);Asphait’. Sundaes, eee 
Ls) CrOCUINGS: oo wacse sees | 4 | Wire-cut lug brick .-| June 17 | Cement grout........ ae 
1 | Sand-cement 4:1.......... 34 | Vert. fiber brick.. -\ June 1%:'} Asphalt-— 3. 5. Paoece os 
Ti SCreenini psoas eteemewe. 34 |..-.- _-do ae Soe eine 1G |itse ax ae (ete eee =F 
1 | Sand-cement 4:1.......... 4 
Te |leseey i Sr ee meee Ae } 4 
ty Sandes. > .ceceeataseoreacet | 4 
1 SOs Ut pally 5 yee NE cor 4 
See vate aden cei meee: 10 
Noa dle sae 6 Onn Lem aan ee eee eee] 8 
Bee PR Ls a ieee ele a Se RCTS 6 
Sends twine Sac een Peete are eee 6 
Brel EE re ae tS ee BS hoe SEL 
1. Bereeningd ye semoaet 4 | Wire-cut lug brick........ 
POO at ES oe eet So) 2 | 1:13:3 concrete. ........... - ee eee es ee 
116 6 | 1:3:6 concrete ........... June 17 i? DAT SANE 2h se. ae oes | 4 | Wire-cut lug brick........ July8,12| Tar-sand 1:1.............- 
117 Gileees. rc ty ae aie | aS May 24 )) Soreenings..<- e.. ce | $84] Vert. fiber brick.......... Jane 16 | Asphaltc. ssc. ce dlecsetes 
118 ra eee ORs. 10, Ree June 17 : Sand-cement, 3:1 ......... 3 bib sa log brick 2. -.sne June 17 Sen groub, Lil esackes 
119 A Eee GOD So see eee ..-do POL Ee a 75 See Soe 9 Bie Rt GO.Ge 2. oo oe aee a do. piOO sx& i pastel bh ee ene 
120 Benes. CGcats ee are sceeess| PHBE lS > Salons Oe eens acceatass meats ff Htepressed PRICE St ieetach June 18 }..... Os. FAs son agate 
121 | 4 RS Peer tea eee ee a Ae (ee ey ee pee at poe oh SS. dels s. ALS aaa 0 } Ova ches ee eee 
122 | 6 Ber (el eed | June 19 EAE eee ee ae? 34 | Vert. “fiber Nrigks sc ae ee June 19 Re ees py epee Poo 
123 | ae CSO Sere a eae |_..do. es Gs eee re 33 D2. stee. tee ott ateee Ovte P.10t shoe ee bee 
124 | Bs ao Oana ap axa tia |x nin Oe ened mre inf = aie arte wins men met mea ater em went ef wit eg elle Sancta ecw Eel oie crear 
125 | ee. oe ee eee | eto ee 1 | Screenings. 2... 5282s. dc ces 4 | Wire-cut lug brick eA ioe. ae Cement grout 1:1 ......... 
126 @ | 23358 Conerste..-... seas, s June 20 4 | Sand cement, 3:1.......... 4 400.2. cirsawtaasecteee June 20 |..... [Ee ry. ee ee 
127 | A fe. Gee ches Sa ed eS ee ete COE Dili teks OR «ote 4 D5 ks atdweeee ete fd... «vd NGnuSak ns ena eae 
128 4 1 SAR poe Rn 2 Te te do. & peace. CO oo. Seer ae op 2 ral Es. 1 ORR GSI Is C8) do..:..| Gi... csegtee state 
129 | SO OOS. a3 Las en doje: Z| eee GOL: Be Th oe eee 4 | dg 2a. bes : Se Geen oe OG absbees : ee en eae 
130 | 12 | Macadam.......... oe: | July 3 | Roreenings. sao seecc acts 4 SOG 5.2 owen sarah ne ee ees GO.5 2, whanae anenetendee 
131 | Gi Ree S Caner} ae See | June 25 i pose G0: <5: 820 cee ee eee i Rees 032) rd. Ca es ee ae ee O- snSn cess ee ee 
| ' 





DESCRIPTION OF TEST SLABS. 

For the experiment there were constructed at the 
Arlington (Va.) Experimental Farm 56 7-foot by 7-foot 
sections of standard types of pavements. This series 
of slabs, as detailed in Tables 1-A and 1—B, was com- 
prised of concrete, monolithic, semimonolithic, bitumi- 
nous, and grout-filled brick with sand and screening 
cushions on concrete and macadam bases. 

The slabs were constructed in two sections with 
ditches surrounding each section. In order to deter- 
mine the effect of moisture in the subgrade the ditch 
around one section was kept filled with water at all 
times, for the purpose of effecting an extremely wet 








condition of the subgrade; while the ditch around the 


remaining slabs was used to keep the subgrade as dry 


as possible. As the majority of the slabs in the dry 
section were duplicated in the wet section this arrange- 
ment permitted a direct comparison under the two 
conditions. To insure a natural condition of the sub- 
grade the top layer of soil was removed, after which 
the earth was carefully graded by cutting to the desired 
elevation. There were no fills and there was no com- 
pacting by tamping. 

On the sub-bases thus prepared the concrete, which 
was machine mixed, was poured, thoroughly tamped, 
and finished with a wooden float. After final set the 
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slabs were cured by covering for two weeks with a layer 

of wet earth. For the concrete surfaces a 1:14 :3 

mix was used, while for the bases the mix was 1:3 : 6. 
TABLE 2.—Test of sand used as concrete aggregate. 


Source of material: Potomac River, Washington, D. C. 





Mechanical analysis: Per cent. 
Feeramed ony-ineh sereen..................----.---.-- ee: 
Passing }-inch, retained on 10-mesh.......-........---- 15, 2 
Passing 10-mesh, retained on 20-mesh.............-...-- 12.4 
Passing 20-mesh, retained on 30-mesh.........-.-.-.-..- 14.0 
Passing 30-mesh, retained on 40-mesh............--..--- 19. 2 
Passing 40-mesh, retained on 50-mesh............--...-- 11.6 
Passing 50-mesh, retained on 80-mesh............-.....-. 17.6 
Passing 80-mesh, retained on 100-mesh.............--..- 1.6 
Passing 100-mesh, retained on 200-mesh...........--.-.- 4.4 
Bo Oy oe 4.0 

(8b S ge Oe 0 Oe ee 100. 0 

cere aimen(eMitantid Clay). ......--.- 02-2020. ee eee wees 2.4 


Tensile strength (cement-sand briquets, | : 3): 




















a. ttawa Sample sand. 
7 days. | 28days.| 7days. 28 days. 
| 
fae 
250 280 285 | 365 
240 320 285 335 
245 270 285 | 350 
| 1245 | 1 290 1285 | 1350 





1 Average. 


Strength ratio (7 days) 116.3 per cent. 

Strength ratio (28 days) 120.6 per cent. 

Character of material: Sample consists essentially of angular 
quartz sand containing some chert and very little clay. 


TaBLE 3.— Test of sand for grout. 


Source of material: Washington, D. C. 


Mechanical analysis: Per cent. 





Wogeee fecmoneteyniebD sCfeen........................-..--. 0.0 
Passing }-inch, retained on 10-mesh..................... 1.0 
Passing 10-mesh, retained on 20-mesh................-. 12.6 
Passing 20-mesh, retained on 30mesh..,.......--...... 18.6 
Passing 30-mesh, retained on 40-mesh..............--.. 25.8 
Passing 40-mesh, retained on 50-mesh.................. 13.6 
Passing 50-mesh, retained on 80-mesh................... 162 
Passing 80-mesh, retained on 100-mesh................. 14 
Passing 100-mesh, retained on 200 mesh................ 4.6 
EIS 0 8. eas s- eee cece. O22 
IO a eens eee. -------- LOGO 
eee aeineuesilG and clay)..........-.-...-.-.---.---. 490 


Tensile strength (cement-sand briquets, 1: 3), 7 days: 





Standard 





Sample 
Ottawa 
sand. sand. 
285 230 
265 235 
285 245 
1278 1 237 
1 Average. 


Strength ratio, 85.3 per cent. 
Character of material: Sample consists essentially of angular 
quartz sand stained by iron oxide. 
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TaBLE 4.— Test of gravel for concrete aggregates. 


Source of material: Washington, D. C. 
Mechanical analysis. 











Sand: Per cent. 
Retammed ond=inchisen@eie .. 20 see - 5. eo ee eee eee c ccc ebacceece 86.5 
Passing }-inch, retained on 10-mesh ......................-..------ee eee 11.9 
Passing 104mesh, retaitied’on'204Wesh..... 2... eee eee eee eee BY) 
Passing 20-mesh, retained on 30-mesh.................--.2.20ceecceeeeeeee 1 
Passing 30-mesh, retained on 40-mesh..................2-220.-0e ee ece cence 1 
Passing 40-mesh, retained on 50-mesh..............-.......- 2) 2ie eieeeetelo oo 
Passings0-meshyretainiedvoniS0anesh owe eee cee eee me 
Passing)80-mesh, retaimedion 100-mesh...................02.2.20cceneceeees oul 
Passing 100-mesh, retained on 200-mesh..................22....2.----- oe 1 
PEs ORS eae. ie Re Se ee ee eee 8 

SG. pBB OCG. AOE E ERS Aenean ees 00 ce ene ree 100.0 

Gravel: — 
VEU ATIMACOMarINGHISCUMQI Ss S6e he <oless 2 = oops ce ce cess aid onieirisiseassancese 
Passing 3-inch, retained on 23-inch screen...........-.. ER So oe 
Passing 23-inch, retained on 2-inch screen...........-...-2.-0scceceececees 
Passing 2-inch, retained on 14-inch screen...............-..-2..2.220000--- oe 
Passing 14-inch, retained on l-inch screen...............-2. 22.002 -ee secu ee 2.9 
Eassine 1inch, retaimed onl q-inchwareen.<. ..... 2.222. e eee eee eee nancace 6.8 
Passing }-inch, retaimed on }-inch sereen.......-...-. 2.2... cece cece ees eee 29.6 
Passing 4-inch, retained on }-inch screen... ..........-.. 2222 ee cece eee ees 47.2 
gett MI ag IDL AIRS GREEN = 52s eletarcleve ele ete ie (co's stele ani ace icc cece slecsiceesedecserect 185 

tp ee TRO oc oe A oe fc nk.s pied ee hedges arava oid 100. 0 


Loss by washing (silt and clay) 0.75 per cent. 
Character of material: Sample consists essentially of subangular 
fragments of quartz with some chert and sandstone. 


TaBLE 5.—Analysis of refined coal tar filler. 


General characteristics: Semisolid. 
WR UR I a ae ess cee ee sees. - ees 


























Spoctiersmmty,2o- C20" OC... 2 ee nee sees 1, 2389 
Plea esi oO. (BeCONCE). 2. eee eee as--- eee 260 
Total bitumen soluble in carbon disulphide (per cent).... 81.5 
Free carbon, organic matter insoluble (per cent). ......-. 18.2 
Inorganic matter insoluble (per cent). .................. 0.3 
Distillation: 
Per cent | Per cent 
Fractions. Character. y by 
volume. | weight. 
DNC rite ates 3 982098 2.0 1.02 
WCE tense Ou.5 2222. see 00-[s0s- 1.5 0.97 
Dee LOR EU resis 2. cnc eaeaseallaanse 4.0 2, 62 
DT Os LORBUU ee Coc is e622 .aaccisciee oe $ soli 4.0 2.65 
EUGRIELC Select ctsinicin <isic- nine nceda eas 88.5 92. 58 
100.0 99. 84 
TABLE 6.— Analysis of owl-asphalt filler. 
General characteristics: Semisolid. 
Speeimer orev y Oh CDW... ee eee eee 1. 026 
a Ae oe cee 245 
Penetration, 0° C. 200 grams, 60 seconds.................. 28 
Penetration, 25° ©. 100 grams, 5 seconds...............--- 30 
re Oe ae... bo daees dee ete eee ee ee 69 
fee 105°C, omioum (perce. .......-....--...+...--- 0. 042 
Characteristics of residue: Smooth. 
Consistency of residue—Penctration, 25° ©., 100 grams, 5 
HYCO goopoo ands dne OBEN Sood S508 5 See rose 25 
Total bitumen (soluble in carbon disulphide) (per cent)... 99.8 
Organiemmatter insoluble (per cent)..............--.------ On2 
lnereamic@anatterameeluble(pericemt)..................-- 0.0 


Tables 2 to 6, inclusive, show the results of tests of the 
sand and gravel used for aggregate and of the sand, tar, 
and asphalt used for fillers. In the monolithic sections 
a three-sixteenths inch sand-cement dry 1:1 mortar was 





IMPACT MACHINE IN POSITION OVER A SLAB. 


placed on the green base and leveled for receiving the 
brick. After the brick were laid, tamped, and sprin- 
kled, the cement grout filler which was mixed by hand 
.In a box was applied to the surface with buckets and 
spread by means of a broom and squeegee until all 
joints were filled, when the excess filler was pushed off 
the sides of the slabs. In the monolithic slabs the 
construction was begun and completed the same day. 
The semi-monolithic construction differed from the 
above only in the detail that a 1-inch instead of a 
three-sixteenth-inch layer of dry mortar was used and 
this mortar was not laid on the base while it was green. 
On the bituminous filled sections, the hot filler was 
poured into the joints by means of a pouring pot with 
a spout as soon as the bricks were laid and rolled on the 
different cushions. 

The mastic filler was made of tar mixed with hot 
sand, in proportions of 1:1 by volume, and for the 
mastic cushion the tar was mixed with hot sand in the 
proportion of 1 gallon to 1 cubic foot. The analy- 
ses of the tar and asphalt used as fillers and in the 
mastic are shown in Tables 5 and 6. The macadam 
bases were constructed by means of a hand roller and 
heavy tumpers. After the maximum compaction was 
secured the 1l-inch screening cushions were spread 
and leveled and the brick tops were laid in a manner 
similar to those on the concrete bases. 

During the construction, test beams similar in mate- 
rial and thickness to the slabs and 13 inches wide by 7 
feet long were made, and 6-inch by 12-inch compression 
test cylinders, were made to represent the concretes 
used for bases and surfaces. It was expected that the 
tests on the beams would supply information in regard 


to the elasticity and moduh of rupture of the different 
types when subjected to static loads, and also afford a 
means of comparing the effects produced by static 
and impact forces. Tests of the cylinders will make 
possible a comparison between compressive strength 
and resistance to impact. The beams and cylinders 
were cured in the same manner as the slabs, and it was 
intended that both should be tested at the same time. 


DESCRIPTION OF THE IMPACT MACHINE. 


A special machine was designed and built for the 
purpose of delivering impact blows to the road slabs. 
The paramount idea controlling the design of this 
apparatus was that it should deliver a blow, the effect 
of which would be exactly the same as that caused by 
the dropping of a wheel of a heavy motor truck. To 
satisfy this condition it-was deemed essential that the 
spring, the weights above and below it, and the tire 
or cushion be identical with those found on trucks. 
The machine as finally constructed consisted essentially 
of a loaded box riding on a 53-ton spring which in turn 
was supported by a loaded frame or plunger on the 
bottom of which was a double 2-inch by 6-inch solid 
rubber tire. The box and plunger representing the 
sprung and unsprung weights, respectively, could be so 
loaded as to represent a truck of any size. By means 
of a motor, gears, and cam, this plunger or unsprung 
weight carrying the spring and sprung weight could be 
lifted and dropped from any height so that the effect 
produced was identical with that of a truck dropping 
from one level to another, dropping into a hole or falling 
to the pavement after striking an obstruction. The 
plunger was lifted and dropped 6 times per minute. 
The illustration on page 7 gives a close view of the 
apparatus showing, at the top, the box representing the 
sprung weight supported on the spring which rests on 
the plunger, while at the bottom can be seen the straps 
and rods which serve as guides for the plunger. 
Above is a view of the apparatus in position for testing 
over aslab. For the tests described in this article the 
machine was loaded to represent a 5-ton truck having 
1,800 and 6,000 pounds, respectively, for unsprung and 
sprung weights. 

A specially designed apparatus, supported inde- 
pendent of the impact machine, autographically 
recorded space-time curves, showing the movements 
of sprung and unsprung weights, as well as the vibra- 
tions of the slabs under impact blows. This apparatus 
is shown on page 7. These records, which are the chief 
source of information on the impact blows, will be 
described and discussed later. An enlargement of a 
typical record is shown on page 8. 


METHOD OF DETERMINING BEARING POWER OF SUB- 
GRADE. 

Knowing that the resistance of a pavement is more 

or less dependent upon the support offered by the sub- 

grade it was desired in connection with the tests on 





slabs to secure information on the relative resistance 
to impact blows offered by the subgrades under the 
various slabs so that the behavior of the slabs under 
test might be more intelligently interpreted. For se- 
curing this information the deformations of the subgrade 
caused by blows from a small impact device were taken 
as an indication of the supporting value of the soil. 
This impact device consists of a steel rod and footing 
and a steel cylinder, riding on the rod, which can be 
dropped from any height, and thus deliver a blow to the 
soil through the footing. The rod, footing, and cylinder 
weigh approximately 10 pounds, and the footing has an 
area of about 15 square inches. This device is shown in 
the illustrations on page 8. 

At a point about tne middle of each side of the slab 
under test, the soil was cleared away to the level of the 
top of the subgrade after which the footing was placed 
on this level, care being taken to secure uniform bear- 
ing. The movable weight or cylinder was then dropped 
from a height of 3 feet, and the penetration was meas- 
ured by means of an engineer’s scale. Measurements 
were recorded for every drop up to the tenth, every 
second drop between the tenth and twentieth, every 
fourth drop between the twentieth and fortieth, and 
after the fitieth drop. After similar observations had 
been made on each of the four sides of the slab the 
data obtained were plotted on cross-section paper using 





ARRANGEMENT OF SPRUNG AND UNSPRUNG WEIGHTS WITH 
TRUCK SPRING BETWEEN THEM. 





THE UNSPRUNG WEIGHT OR PLUNGER AND AUTOGRAPHIC 
RECORDING DEVICE. 


penetration in inches and number of drops as coordi- 
nates. From the four curves thus obtained the record 
was completed by drawing a curve representing the 
average of the four. A typical record is shown in fig. 
1. Since it is desirable to know the relative bearing 
power of the soil throughout the time of test, the length 
of test and change of weather at times necessitated mak- 
ing several determinations. 


DETERMINATIONS OF MOISTURE CONTENT OF SOILS. 


In connection with the bearing power tests and at the 
same locations, samples of soil were taken for determin- 
ing the moisture content. Four samples were taken 
at each point with a soil auger 1% inches in diameter. 
The first sample was taken by forcing the auger down 
to a depth of 6 inches as indicated by a mark on the 
stem. The auger was then pulled up without turning, 
and the soil on it was pulverized or broken up and 
placed in a pint-size, glass fruit jar and sealed; the 
point, depth, and jar number being recorded. The 





VIEWS SHOWING APPARATUS AND METHOD OF DETERMINING 
BEARING POWER OF SUBGRADE UNDER IMPACT BLOWS. 


hole from which the sample was taken was then cleaned 
out thoroughly and the auger run down to a depth of 
12 inches and a similar sample taken. Additional 
samples were taken at depths of 18 and 24 inches at 
each point. 

The samples were then weighed in the jars without 
tops or rubber gaskets to the nearest 0.1 gram and 
were then placed in an electric oven where they were 
heated for 24 hours at a temperature of about 120°C. 
It has been found that this will dry out the ordinary 
sample weighing 200 or 300 grams, and that tests show 
no loss of weight on further heating. After drying, the 
jars were again weighed as soon as they were cool 
enough to handle. The weights of the empty jars were 
kept on record so that the moisture content could be 
computed as soon as the dry weights were obtained. 

The average of the contents shown by the 6 samples 
was assumed to represent the general moisture condi- 
tion of the subgrade. More than one series of tests for 
moisture were made on slabs when length of test or 
weather conditions warranted. 


METHOD OF DELIVERING IMPACT BLOWS. 


In preparing to deliver impact blows the first step 
was to take a set of initial levels over the surface of the 
slab to be tested. The machine was then set up over 
the center of the slab and the frame raised or lowered by 
means of a screw jack, so as to allow a one-eighth inch 
drop. Aspace-time curve was taken of the first 5 drops 
at this height, after which the blows were continued 
until 250 had been delivered. A new elevation was 
then taken on the center of the slab, arid the machine 
was again set in motion for 250 more blows at the same 
height, taking a space-time curve for the first 5 drops. 
After the five-hundredth blowsevels were again taken 
on all points of the slab as described under “surface 
readings,’ after which the machine was set to operate 
at a height three-eighths inch greater, and the operations 
of delivering the blows and leveling were repeated as 
for the first setting of the machine. 

After 750, 1,250, 1,750 blows, etc., levels were taken 
only at the center points of the slabs; after 1,000, 1,500, 
2,000 blows, etc., they were taken on all points as 
described for the five-hundredth blow. After each 500 
blows the height of fall was increaséd:three-eights inch, 
and the same setting of the machine was maintained 
for 500 blows. Thus at the beginning of the test and 
after 500, 1,000, 1,500, 2,000, 2,500, and 3,000 blows 
the height of fall was }, 4, 7, 14, 13, 2, and 22 inches 
respectively. Slabs which did not fail before 3,000 
blows were given an additional 3,000 blows at the 23- 
inch height; and if failure had not occurred as a result 
of these additional blows the effort to break them was 
abandoned. If the settlement of the slab after the 
first 500 blows was equal to or greater than three- 
eights inch, the drop was not increased for the second 
500 blows. A center settlement of this amount gen- 
erally indicated the beginning of failure. 


AUTOGRAPHIC AND PHOTOGRAPHIC RECORDS. 


The autographic space-time curves which were 
taken of the first 5 blows in each series of 500 and of the 
5 blows succeeding the two hundred and fiftieth, were 
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= AUNSPRUNG WEIGHT MOVEMENT 


SPRUNG WEIGHT MOVEMENT 
A TYPICAL AUTOGRAPHIC RECORD. 


taken for the purpose of securing information in regard 
to the behavior of the different factors influencing the 
force of the impact blow. Because of the vibration 
caused by the blow of the plunger the apparatus for 
securing the curves was mounted on a frame support 
which was entirely independent of the impact appa- 
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ratus. The records were made by 4 brass points 
bearing against silicated paper which moved horizon- 
tally over a 5-inch drum at arate recorded by means of 
an instrument designed to break electrical contact 
every second and thus cause a movement of the time- 
recording point. The other 3 points trace the move- 
ments of the unsprung weight, the sprung weight and 
the slab vibration under the blow. These curves give 
all information concerning the force of the blow, the 


height of fall, the deformation of cushions, the rela- 


tion of the movements of sprung and unsprung weight, 
etc. The illustration on page 8 shows a typical 
autographic record. 

For the purpose of comparing the behavior of the 
different slabs under: test, photographs of both the sur- 
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estimating tenths a reading to within 0.002 inch could 
be obtained. 

The most troublesome sources of error were duc to 
the failure of the rodman to hold his rod plumb and 
to irregularities in the slab surface at the points where 
the rod was placed. It was to overcome the latter 
trouble that the use of a small steel disk with a crowned 
upper surface was introduced. This disk, which might 
be more properly described as a hemisphere, was laid 
on its flat side over the points on the slab whose eleva- 
tions were desired. As this disk was used on all of 
the points and throughout the test, no account of its 
thickness need be taken. 

From the notes of the levels thus taken, profiles of 
any section of the slab could be drawn and a series of 
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FIG. 1—TYPICAL RECORD OF BEARING POWER OF SUBGRADE UNDER IMPACT BLOWS. 


face and the base with the top course removed were 
taken immediately after the tests were completed. 
LEVELS FOR DEFLECTION AND SETTLEMENT. 

In order to determine the effect of the impact blows 


_upon the pavement slab under test, either in the way 


of general settlement or in the deformation of the slab 
or a combination of these two, it was necessary to have 
some sort of measurements made on the slab through- 
out the test. 

Points for the reading of elevations were established 
at the center of the slab and at the corners and mid- 
points of the sides of concentric squares laid out on 
the slab. A bench mark was carefully set near by 
and readings were taken with a high-grade Y level. 
The level rod was made of a brass rod about 5 feet 
Jong and three-eighths inch in diameter. To this a 
12-inch engineer’s scale was attached by an adjustable 
clamp which allowed the scale to be moved freely up 
and down the rod and then clamped firmly in place as 
desired. Readings were made on the edge of the scale 
which was graduated in fiftieths of an inch, and by 
67761—21——2 


these profiles for a given section were found to furnish 
a valuable means of determining the behavior of the 
section during the run of the impact test. By plotting 
the change in elevation against the number of blows, 
a curve is obtained that gives a basis for comparison 
between the different slabs. Curves of this type have 
been drawn for the center point on each slab and are 
kept as part of the record of the test. 


NECESSITY FOR CALIBRATING THE IMPACT MACHINE. 

As stated in the beginning, these tests were inaugu- 
rated principally for the purpose of making available 
information which would aid in the intelligent selection 
of a pavement. For this purpose the resistance of the 
slabs is given in terms of the height of fall of the wheel 
of a loaded 5-ton truck required to produce failure. 
With this general information it is necessary only to 
determine the maximum drop due to obstructions, 
character and condition of surface, use of chains, etc., 
and then select from the table a pavement that will 
resist the wheel load falling from that height. This 
method of selection, however, is not very scientific and 


can be considered only as a preliminary step. In the 
attempt to supply an improved method the impact 
blows have been expressed in terms of equivalent static 
loads, and the resistance of the slabs in terms of the 
static load equivalent to the impact which caused their 
failure. Knowing, then, the kind of traffic to be accom- 
modated, and finding from the data furnished by the 
truck-impact tests,! the equivalent static force which 
can be expected from traffic, it is only necessary to 
select a surface that will safely resist the required force. 

Stating the impact in terms of equivalent static load 
necessitated the calibration of the impact machine. 
In order that a comparison could be made between the 
effects produced by impact blows and static loads some 
medium was required upon which the effects produced 
by both kinds of force could be observed. The medium 
used to afford the desired comparison was a one-half by 
one-half-inch annealed copper cylinder similar to those 
used in the impact motor-truck tests. By first noting 
the deformations produced on these cylinders by given 
static loads, then comparing with these static deforma- 
tions the deformations of other cylinders produced by 
the impact blows, a comparison of the effects of impact 
and static forces was secured. The calibration of the 
impact machine then included (1) the determination of 
the static loads which would produce the same deforma- 
tions on copper cylinders as were produced by the 
plunger of the impact machine falling from different 
heights, (2) the determination of the equivalent static 
loads corresponding to the fall of the plunger from 
different heights when the cushioning effects of the 
copper cylinder’s deformation were eliminated, and (3) 
the development of a method of determining the 
equivalent static load from the space-time curves which 
were secured during the tests on the different slabs. 

For determining the static load which produced the 
same effect as the plunger dropping from different 
heights a jack similar to that described in the report of 
the truck-impact tests was used. During January, 
1921, when the subgrade under the slabs was frozen, 
the impact machine was set over slab No. 15 and the 
jack in which the copper cylinders were to be deformed 
was placed under the plunger. The machine was 
loaded with sprung and unsprung weights of 6,000 
and 2,000 pounds respectively. Deformations of the 
copper cylinders were secured for heights of fall of the 
unsprung weights ranging from 1 to 3 inches as meas- 
ured by the space-time curves which were taken for 
each drop. With these deformations the equivalent 
static load was found from the calibration curve for 
one-half by one-half-inch ‘cylinders, shown in fig. 2. 
The data for this curve were secured by subjecting 
cylinders to static loads of from 0 to 50,000 pounds in 
an Olsen 200,000-pound testing machine and recording 
the corresponding deformations. The equivalent 
static loads found for the different drops are given in 
Table 7. It will be noted that height of fall as used 


1 See Public Roads, vol. 3, No. 35. 
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in this connection means the distance from the highest 
position to the final resting place of the plunger. 
TaBLE 7.—Equivalent static loads and maximum force for impacts 


from various heights of fall. as measured by one-half by one-half inch 
copper cylinders. 





























| ‘ | | 
- | Ratio 
| — Maxi- ae 
| Free fai) *t-+avs- el | Total | Equiva-| mum | 1 sae 
No. Ai a, Spee | fall cushion jlentstatic, force “““yQ4q/ 
(H. F.). | pressure (h) (d). load. | (com- | io ae 
| (Gaees). z | puted). | force. 
Inches. | Pounds. | Inches. | Inches. | Pounds. Pounds. | Per cent. 
0.77| 7,100| 1.187] 0.719] 22,500 ,400 | 104.0 
.78 7,125 1.176 . 700 21,700 23,900 110.0 
‘97; 6,900} 1.440 ‘776 | 26,300 | 25,600 97.5 
.97 6,925 1. 432 . 766 25, 600 25,840 101.0 
1.33 6,575 1.848 - 823 29,750 29,500 99.3 
1.41| 6,525] 1.920 1814 297150 | 30,760/ 105.5 
0. 30 7,600 0. 536 - 004 13,700 15, 260 111.5 
0.33 7,550 0. 580 . 03 14, 450 15, 850 109.7 
0. 20 7,700 0.380 . 380 12,100 14,700 129. 02 
0.15 7,750 0. 344 344 11,900 13,600 114.0 
0.69 | 7,150 1.088 . 688 20,775 22,600 109.0 
0.64|  7,200| 1.016 1674 | 20,050 | 21,700} 108.0 
0.92 6, 950 1.352 731 23, 300 25,720 110.0 
0. 84 7,050 1. 260 .718 22, 500 24,740 110.0 
1.09 6, 800 1. 52 . 766 25,000 27, 560 110.0 
al 6,775 1. 568 764 25, 500 27,780 109.0 
1.47 6, 500 1.972 801 28,050 32,000 114.0 
1. 50 6,475 1.988 793 27, 500 32,440 118.0 
1.97 6,100 | 2.500 - 835 30,650 36, 220 | 118.0 
2.01 6, 100 2. 552 842 31, 300 36,940 118.0 
2.25 5,850 2. 800 - 851 32,050 38, 500 120.0 
2. 28 5,850 2. 840 | - 859 32,900 38, 700 V7.5 
2.70 5, 500 3. 260 | 867 33, 650 40,660 121.0 
2. 64 5,600 3. 102 862 33, 200 40,300 121.5 
3.00 5,250 | 3. 568 | . 874 34,350 42, 400 123.5 
3.31 | 5,000 » 3. 884 | - 879 34,850 44,300 127.0 
3.30; 5,000. 3.872 1878} 34,700 "000 | 126.7 
3.04 5, 100 | 3.608 875 34, 400 42,000 122.0 














Unsprung weight (w)=2,000 pounds. Sprung weight=6,000 pounds. 
Equivalent static load determined from 3 by 4-inch copper cylinders. 
aces F. for free fall (H. F.) of from 1 to 3 inches is 120.5 per cent of equivalent 
static load. ; 

Average F. for free fall (H. F.) of from 0 to 1 inch is 104.5 per cent of equivalent 
static load. 


CUSHIONING EFFECT OF THE COPPER CYLINDERS. 


While the results from the above investigation were 
better than nothing, it was realized that they did not 
give the required information. The calibration of the 
impact machine was undertaken to determine the effect 
of the drop of the plunger from different heights on the 
various slabs, whereas the results obtained by these 
means showed the effect of the plunger dropping on a 
copper cylinder, which is a somewhat different matter. 
The main difference between static and impact forces 
lies in the fact that a static force is entirely dependent 
upon the weight of the load, while the impact force 
produced by a mass moving with a given velocity is 
dependent upon the time or distance in which the 
velocity of the mass is changed or brought to zero. 
That is, an impact force is dependent upon the decelera- 
tion of the given mass which is dependent upon the 
character of the body struck as well as of the striking 
mass. When two bodies, each highly resistant to 
deformation, are brought into contact the force is 
exceedingly high. The effect of any cushion is to 
increase the time in which change of velocity occurs 
and consequently to reduce the deceleration. For this 
reason it can be seen that the copper cylinder used in 
the calibration is, in effect, an additional cushion be- 
tween the plunger and the slab, and the force of the 
blow causing a certain deformation of the copper cylin- 






















der would be greater if the cushioning of the blow due 
to the deformation of the copper could be eliminated. 
It therefore became necessary to determine the effect 
of the copper cushion; and the most convenient means 
which suggested itself for a study of the effect of reduc- 
tion of copper cushion was by repeating a blow on the 
samecylinder. When thiswas tried itwasfound that the 
second drop from the same height produced an addi- 
tional deformation smaller than the first. A third drop 
from the same height produced a further but still 
smaller deformation. Continuing the process it was 
found that each succeeding blow from the same height 
produced a smaller deformation than the preceding, but 
each blow nevertheless produced additional deforma- 
tion. Now, it had been found previously that cylinders 
which had been subjected to static load in the testing 
machine, if retested, were not deformed further by any 
‘load less than or equal to the load under which the 
original deformation took place; and it was not until 
the second application of load exceeded the first that 
further deformation resulted. The coupling of this 
observation with the observed effects of repeated 
impact seemed to indicate that the blows which caused 
the succeeding deformations were equivalent to greater 
static loads than the first blow. Moreover it appeared 
that there was a definite relation between the amount 
of the deformation and the intensity of the blow. 
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DEFORMATION IN INCHES 

FIG. 2. DEFORMATION OF RUBBEF TIRE AND COPPER CYLINDERS 
UNDER STATIC LOADS. 
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EQUIVALENT STATIC LOAD IN THOUSAND POUNDS 
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HEIGHT OF FALL IN INCHES 
FIG. 3—CURVES SHOWING CUSHIONING EFFECT OF COPPER CYL- 
INDERS OF THE SEVERAL SIZES. 


Considering the copper cylinder as a cushion, it 
appeared that reduction of the deformation or cushion- 
ing effect of the blow increased its static equivalent. 


CHARACTER OF COPPER UNCHANGED BY IMPACT. 


It was suggested at this point that the deformation 
caused by the first blow might change the character 
of the copper so that the results of the succeeding 
blows would not be true indications of the force. To 
secure light on this phase of the matter different 
cylinders which had received from 5 to 50 blows were 
subjected to additional static loads in a testing machine 
and the corresponding deformations were compared 
with those shown bv the calibration curve in figure 2. 
It was found that the variation was less than 1 per 
cent thus indicating that the character of the copper 
had not changed as a result of the de:ormations 
occasioned by impact blows. Also, at this time it was 
found that there was an elastic deformation of the 
copper cylinder which amounted to slightly less than 
0.01 inch ander a 50,000-pound load, but this elastic 
deformation does not enter into any of the derivations 
herein described. When it was concluded that the 
deformation of the copper influenced the force of the 
blow, the following investigation was carried on for the 
purpose of securing definite information on the effects 
of reduction of copper cushion. 

Knowing that under the same load and for the same 
height of cylinder the deformation decreases with an 
increase in area, copper cylinders of different diameters 
were prepared for a second calibration of the impact 
machine. A special concrete foundation 4 feet in diam- 
eter and 2 feet thick was constructed to hold the jack. 
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The different sized cylinders as well as the cast-iron 
shoe and rubber tire of the plunger were carefully 
calibrated in a testing machine, and the results are 
shown by the curves in figure 2. The machine for this 
run had for sprung and unsprung weights 6,000 and 
1,800 pounds, respectively, the same as the loading 
which was used in testing all of the slabs. The pro- 
cedure in obtaining copper deformations for the 
various heights of fall was similar to that followed in 
the first calibration, except that the height of fall was 
checked by means of precise levels, that copper cylin- 
ders of different sizes were used, and, also, that in this 
run every observation, both static and impact, was 
made by two men; one reading and the other checking: 
The results obtained are shown in Table 8 and by the 
curve in figure 38. -These results show very definitely 
the increase of force with the decrease of copper 
deformation. 

TaBLe 8.—Equivalent static loads and maximum force for impacts 


from various heights of fall as measured by copper cylinders of differ- 
ent sizes. 
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Unsprung weight, 1,800 pounds. Sprung weight, 6,000 pounds. 


Average ratio of equivalent static load to maximum force for different 
heights of fall. 
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But while the values shown were nearer those de- 
sired, there yet remained to be found the force when 
there was no copper cushion, i. e., the actual force of 
blow when the plunger hit the slab. For this infor- 
mation it was necessary to resort to the space-time 
curves. A study of available information on the mag- 
nitude of impact forces is, to say the least, confusing. 
There is considerable disagreement on such questions 
as the relation of maximum to average force produced 
during a blow as well as the connection between static 
and impact forces. It is true there are fundamental 
theoretical formule for deriving the force of impact as 
well as energy-work relations for determining average 
resistance. But when the impact force values are 
obtained, what do they mean and how do they help us? 
It will be remembered that this investigation of im- 
pact force was curried on only for the purpose of 
determining equivalent static load in the absence of the 
cushioning effect of the copper cylinder. 


SPACE-TIME CURVES TURNED TO PRACTICAL USE. 


The point to be stressed is that in the investigation 
of the space-time curves a means of turning these 
curves to practical use is being developed. The 
actual value of the maximum, or the average or of any 
other impact force, is of little or no moment. What 
is desired is a knowledge of the effect produced by these- 
forces. In other words, we would like to compare the 
effects produced by given impact forces with those 
produced by static loads. To do this, the impact 
force must be obtained from the sp2ce-time curves by 
means of theoretical computations, and then a relation 
must be found between the force and the equivalent 
static load. For obtaining usable impact values from 
the curves the following general relations were tried: 

1. The maximum force produced by an impact blow 


is equal to the greatest acceleration times the mass of the 
moving body. 


































2. The average force of an impact blow is equal to 
the average acceleration during time or distance of con- 
tact times the mass of the moving body. 

3. The average force of an impact blow is equal to 
the total energy of the blow divided by the distance 
through which this energy is expended. 

The first attempt to secure the force of the impact 
exerted by a drop of the plunger was made with the 
. autographic curves secured during the first calibra- 
tion. Since all authorities seem to agree that the 
maximum force of the blow is exerted at or near the 
point of greatest deformation a position near the 
lowest point of the curve was selected for the solution. 
An enlarged typical space-time curve and the graphical 
solution used in this derivation are shown in figure 4. 
The relation used was; 

F= Ma. 
In which, 

F=Maximum force of blow. 

a= Maximum acceleration. 

M=Mass of unsprung weight. 
To obtain a, the following formula was used: 
~ => 
= 


a 


In which, 
t= Time in seconds. 
V,=Velocity before the point of maximum 
deformation. 
V,= Velocity after the point of maximum 
deformation. 

The procedure, as shown in figure 4, was first to 
draw a horizontal line through the curve near its lowest 
point. Tangents were then drawn to the curve at its 
intersection with the horizontal line. These tangents 
or first derivatives gave the values V, and V, while the 
time was given by the length of the horizontal line con- 
tained between the two sides of the curve. Because of 
defects in the autographic recording device the results 
from this set of computations were of value only 
in so far as they indicated that dependable results 
could be secured from curves of proper size with cor- 
related accurate time records. While the actual re- 
sults were not usable, it was strongly suggested that a 
' definite relation existed between the force as computed 
and the equivalent static load as given by the copper 
cylinder. 
For a further investigation of impact force, several 
defects were eliminated from the recording apparatus, 
and the impact machine was loaded with 3,050 pounds 
unsprung and no sprung weight, the plunger being in 
effect a freely falling body. The sprung weight was 
eliminated in this calibration in order that the velocity 
as obtained by the tangent method might be checked 
by the theoretical velocity of a freely falling body. 
The procedure in securing deformations of the copper 
cylinders was the same as that followed in the first cali- 
bration described above. 


Cmal—21——3 
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FIG. 4—DERIVATION OF MAXIMUM ACCELERATION FROM SPACE- 
TIME CURVE USING THE VELOCITY-TIME RELATION. 
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METHOD OF DERIVING IMPACT FORCES CHANGED. 


For deriving the impact forces from the curves the 
method used was somewhat different from that pre- 
viously described and involved the assumption that the 
maximum velocity of a falling body which is being 
stopped by a cushion occurs when the body has pene- 
trated the cushion to such a depth that the resistance of 
the cushion equals the weight of the body. Since an 
inspection of the rubber and copper curves, figure 2, 
shows that a resistance of 3,050 pounds occurs with 
a deformation of 0.225 of an inch, it was assumed that 
the maximum velocity of the plunger occurs at a dis- 
tance of 0.225 of an inch below the point of first con- 
tact and becomes 0 at the lowest tip of the curve. 
The average acceleration can be expressed in two 
ways: 

V 
1. Awe a= 
V = Maximum velocity. 
t= Time required to change from 
- maximum to 0 velocity. 
y2 
2. Ave. a= aD 

V=Maximum velocity. 

D = Distance from point of maximum 
velocity to lowest or point of zero 
velocity. 

Figure 5 shows how the values are taken from the 
curve. From the tangent is obtained the maximum 
velocity; the time, ¢, is the horizontal distance from the | 
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FIG. 5—DERIVATION OF AVERAGE ACCELERATION BETWEEN 


POINTS OF MAXIMUM AND ZERO VELOCITY. 


point of tangency to the lowest tip of the curve, while 
PD is the vertical distance from the point of tangency 
to the lowest tip-of the curve. Having determined 
the average acceleration from the curves the average 
force, R, is obtained from the relation R= Ma. It is 
noted that R is the average force exerted from an 
initial force of 3,050 to a maximum to be determined. 

The second assumption is expressed by the relation 


Max. F=2Rk-I 
R= Average force 
T=Force at point of maximum velocity 
(in these computations, 3,050 
pounds). 


TABLE 9.—Comparison between equivalent static load as indicated by 
the copper cylinder and impact force as computed from space-time 
curves by means of both velocity squared-space and velocity-time 
relations between the points of maximum and zero velocity. 














| 
..  Maxi- | Velocity squared- | Velocity-time 
_ Copper Approxi- yim -ve-| spacerelation. | relation, 
cylinder aa acorn LOL US | et | 
No. static | ae obtained . | bs | 
equiva from Avée.2= - | ve. | 
fent. | aioeity, | tangent 72 ie al | amt ft Fe2R- 
"“Y* | to curve. iD) a y =e i 
——_ — - -- = == 
|| ica cee 22400 3. 190 3. 254 134. 5 22450 143. 8 24210 
ee age? 24400, 3.440: ~— 3. 700 148. 7 | 25090 | 145.5 24510 
as =ccatwe siete 26000 3. 610 3. 885 154.2! 26150, 183.4 31870 
By. . Sean tate 28600 | 4. 080 4. 150 167.1! 28610 ' 183.0 31510 
Dioe. at «2s 30200 ° 4, 235 4. 287 176. 2 30310 | 178.5 33900 
(eer 21500 * = 3. 280 3. 360 132. 0 21950 | 151.3 25590 
ee 20000 | 3. 060 3. 140 123.5 DeeOO"\ WAR). . occ 
: See 16500 | 2. 530 2. 700 105. 0 | 16850 103. 3 17610 
(ee: 15600 ; 2. 360 2. 590 101.6 16200 110. 2 17810 
KOSS... oe 11100 1. 580 1. 746 72.4 10670 72.9 10770 
Meo cnc ae 8600 1. 360 1, 343 59. 6 8250 60. 63 8045 











Sprung weight=0. Unsprung weight=3,050 pounds. 





The comparison of the forces obtained by this 
series of drops is shown in Table 9. These results 
clearly indicate that the equivalent static load as given 
by the copper cylinder is about the same as the maxi- 


mum force as computed from the curves by means of 
the above methods. It will be noted that the tangential — 
velocities are slightly greater than the theoretical and 
also that the forces as computed from the velocity- 
time relation show more variation than those from the 
velocity-space relation. The reason for the latter con- 
dition unquestionably lies in the fact that more accu- 
rate measurements can be made on the curves for 
distance than for time. 

Although the results shown for this study of the 
curves. were encouraging, the methods employed for 
securing the results seemed too cumbersome for 
practical use. These results, however, are again 
indicative of a definite relation between equivalent 
static load and impact force. 


MAXIMUM FORCE FROM MAXIMUM ACCELERATION. 


There is being developed at present by the Bureau of 
Public Roads a device which when attached to a motor 
truck will give space-time curves showing the move- 
ments of the sprung and unsprung parts of the vehicle 
when passing over different types and conditions of 
pavements; and owing to the fact that the curves 
made by this apparatus can be solved by methods 
making use of the tip of the curve only, the next step 
in the development of force derivation involved the 
securing of the maximum force by means of the maxi- 
mum acceleration. In the derivation of the maximum 
acceleration the velocity-distance rather than the 
velocity-time relation was used since previous study 
showed that space measurements were more accurate 
than the time. In the study of this method of force 
derivation the curves obtained during the investiga- 
tion of the effect of copper cushion reduction were 
used. It will be noted that these curves represented 
drops on different sizes of copper cylinders as well as 
drops in which no cylinders were used. The maximum 
acceleration was computed from these curves and with 
this acceleration a maximum force was obtained from 
the formula: : 


Memes Fate <4 


In which, 
1,800 = Unsprung weight (pounds). 
a= Acceleration (feet per second per sec- 


ond). 


399 (pounds). 


The procedure was as follows: Mach curve was en- 
larged 10 times by means of a precise pantograph. 
(See fig. 6.) Four horizontal lines were then drawn 
through the bottom part of the space-time curve, these 
lines representing distances of one two-hundredth, 
one one hundred and fiftieth, one one-hundredth, 
and one fiftieth of an inch from the lowest point or 
point of zero velocity. Tangents to the curve for ob- 
taining the velocities were drawn at the intersections 
of these horizontal lines. These velocities were squared 
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and plotted as shown in figure 6, in which the vertical 
distances are the squares of the velocities and the 
horizontal distances are the above-noted distances from 
the point of zero velocity. Through these points as 


yz 
2D 
The slope of this line equals a, the acceleration. 


plotted a line is drawn which is the slope of the 


curve. 


EFFECT OF THE MAXIMUM FORCE DETERMINED. 


Having found the maximum force the next step is to 
determine just what this force means. In other words, 
what is the actual effect produced by a maximum im- 
pact of a given magnitude. A means of determining 
this effect is afforded by the copper cylinders. By com- 
paring the maximum impact forces as computed from 
the space-time curves with the static loads which cause 
equal deformations of copper a definite relation is found 
between the two, which is shown in figure 7. From 
this curve it will be seen that a maximum force causes 
the same deformation as would be occasioned by a 
static load of approximately two-thirds the magnitude, 
Having determined this relation an equivalent static 
load can be found for any maximum impact force, and 
knowing the maximum impact force when no cylinder 
is used, it is a simple matter to find the correspond- 
ing equivalent static load. 
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MAXIMUM FORCE AS COMPUTEP FROM 
THE TIP OF THE SPACE-TIME CURVES 
AND THE EQUIVALENT STATIC LOAD 
AS SHOWN BY THE COPPER CYLINPERS— 7—— 
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FIG. 7.—RELATION BETWEEN MAXIMUM FORCE AS COMPUTED 
FROM THE TIP OF THE SPACE-TIME CURVES AND THE EQUIV- 
ALENT STATIC LOAD AS SHOWN BY THE COPPER CYLINDER. 


TABLE 10.—Comparison of equivalent static load as obtained from 
copper cylinder deformations with maximum force as computed from 
space-time curves. 

















1800 xa 
=, 
OL. 2 
| l ‘ 
Maxi- , quiva._ 
' Maxi- lent static; 
No. | pr ac’ mum | load by | ve ee ry Remarks. 
; celera~ | force. | copper | 
' tion (a). ‘eylinder. | 
a | = = ale en ate _ 
Pounds. | Pounds. | Inches. 
26 297 16,600 | 12, 500 0.25 | $ by 4 cylinder 
25 313 17,500 ! 18, 200 | 34 | # by } cylinder 
51 423 23,600 | 16, 600 | 40 | } by 4 cylinder. 
4 555 | 30,740; 21, 700 | 1.08 | 4 by 4 cylinder, ist blow. 
4 582 32, 600 23, 700 1.07 | 4 by 4 cylinder, 2d blow. 
4 625 | 34,950 25,300 1.04 i by # cylinder, 3d blow. 
62 833 46,700 32, 600 1.74 by 4 cylinder. 
55 * 556 31,000, 22,000 ! 63 | 1 by 4 cylinder. 
5 750 42,000 , 129, 800 1,12 | No cylinder 
103 608 34,000 | 124, 500 Bk Do. 
106 1,019 | 57,000 ; 139, 100 | 2,91 Do. 
101 967 | 54,100 | 137, 400 2, 28 Do. 
110 722 | 40,350 128, 700 | 1.06 Do. 
5 a 705 39, 400 | 128, 100 1.08 | No cylinder; Time doubtful. 
100 324 19,000 , 114, 100 .24 | Nocylinder. 
112 857 | 47,900 | 133, 500 1. 80 Do. 
107 1,052 | . 58,800 | ! 40, 100 3. 04 Do. 
26 | 414 | 23,150 ' 117,100 | 28 Do. 
1 





1 Equivalent static load computed. 
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TapuE 11.—Investigation of effect of reduction of copper cushion on 
force produced by same height of fall. 


Percentage of increase of force produced when using rubber alone against that of rub- 


ber and 3 by } inch copper cylinders. 











[ 
\ Equivalent static load as shown by copper | 
cylinders. 
Free fall No. eyl | Per cent 
(H. F.) a <a eee = ove” | Terese: 
x byt | Eby ¢ iby2 1by} | lbby$ 
. | 
Inches. 
0.25 | 12,500 18,000 13,800 14,500 15,000 15, 100 | 2027 
0. 148 0. 070 | 0. 045 0. 016 0.007 . | 
50 | 16, 600 17, 600 19,300 | 20,200 21,600 21, 700 | 30.7 
oe 114; . 078 . 03 . O14 ' 
75 | 19,200 | 20,200 | 22,000 | 23,400 25,700; 25, 700 | 33.8 
. 230 | 140 . 097 . O19 
1.00} 21,200 22,200 23,800 25,600 28,400 28, 400 33.9 
«25 . 160 109 045 023 ' 
1.25 | 22,900 23,800 25,200 27,100 30,200 30, 300 s003 
205, © 178 . 118 050 025 | : 
1.50; 24,300 | 25,200 26,400 | 28,300 31,500 | 32,100 32.8 
a . 193 . 127 054 . 027 
1.75 | 25,500 26,800 27,300. 29,300 | 32,300 33, 500 218 
. 278 . 204 | . 183 . 058 . 02 
2.00 | 26,400 | 27,200 28,100 30,100 33,300 34, 900 32.3 
MB | 4 208) 1187) G80; dao ' 
2.25 | 27,100 | 28,000 | 28,900 30,700 33,900 36, 200 33.5 
. 286 . 222 | » Ide . 062 . 030 ' 
2.50 | 28,000 | 28,700; 29,500 31,300) 34,300 — 37, 400 | 33.6 
. 291 . 228 . 148 | . 064 . O31 : 
2.75 | 28,600 | 29,400 30,200 | 81,800 34,700 38, 500 | 34.7 
. 29 . 236 152 | 065 | . 031 
3.00} 29,300 | 30,000 | 30,900 | 32,400 | 34,900 39, 700 35.5 
296 342 1.56 | 087 ; 7082 





NotTE.—Light-face figures under equivalent static loads show copper cylinder de- 
formation or cushion in inches for the particular blow. 

The values shown in Tables 10 and 11 were obtained 
by first computing the maximum force and finding the 
corresponding equivalent static load from the curve. 
As noted before, it has been known that as the depth 
of cushion is decreased the impact increases. This 
effect or increase is shown very clearly in Table 11 and 
figure 3. It will be noted that in obtaining these 
results copper cylinders of the following sizes are used: 


4 inch diameter by 4 inch long ....-. 1 blow 
4 inch diameter by 4 inch long ...... 2 blews. 
4 inch diameter by 4 inch long ...... 3 blows. 
} inch diameter by ? inch long ...... 1 blow. 
3 inch diameter by 3 inch long ...... 1 blow. 
1 inch diameter by 4 inch long ....-.. | blow. 
14 inches diameter by $ inch long ... 1 blow. 


This represents a sample of every kind of copper 
cylinder used at Arlington as well as the second and 
third blows on the same cylinder. It will be noted from 
these tables that the equivalent static load as shown 
by deformation of the copper cylinders agrees with 
two-thirds of the maximum force as obtained from the 
space-time curves by the above computation within 
about 5 per cent. This would seem to indicate that 
there is a definite relation between equivalent static 
load and force produced by impact blows. 

It must be remembered that this investigation of the 
impact blow was carried on only for the purpose of 
determining the equivalent static load in the absence 
of the cushioning effect of the copper cylinder. The close 
agreement of the above results has been accepted as jus- 
tification of the use of the no-cylinder curve to represent 
the values with the effect of copper cushion eliminated. 
It must be pointed out, however, that these conclusions 


and the results are neither final nor absolute. They are 
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FIG. 8.—SPACE-TIME CURVE, SHOWING ENERGY-WORK RELATION. 


accepted only because nothing better has been offered. 
There are several possible sources of error in the curve 
computations. First, the time can not be considered 
as accurate. Autographically, the time intervals are 
recorded only in seconds, while the computations deal 
with hundredths of seconds and even smaller intervals. 
The average time as shown on the graphs in which one 
second is represented by from 6 to 9 inches horizon- 
tally might not be exact for the interval of contact. 
Again, it is impossible to enlarge the small curves with 
the degree of accuracy necessary for exact solution of 
velocities. The slightest variation in the enlargement 
means a large error in the computed velocity. This 
explanation and the details of the procedure used are 
given so that the results can be taken for what they are 
worth. 

What can be said then from the above results is that 
the maximum force at the tip of the curve computed 
by the mass-acceleration method, as shown, produces 
the same effect upon a copper cylinder as a static load 
of approximately two-thirds the magnitude. Knowing 
this, then these curves become valuable for measure- 
ment of force. 


ENERGY-WORK RELATION GIVES SIMPLEST CURVE 
SOLUTION. 


By far the simplest solution of the curves secured 
during the slab tests is that making use of the energy- 
work relation. When the plunger of the impact ma- 
chine or the wheel of a motor truck falls through any 
distance, a certain amount of energy is developed by 
the mass acted upon by gravity as well as the spring 
pressure. This energy must be used up before the 





Lit 


wheel can be brought to a stop. In other words, the 
total energy must be balanced by the resistance of the 
rubber tire, copper cylinder, slab, etc., acting through 
the distance of total deformation. * Referring to the 


enlarged space-time curve (Fig. 8) showing the move- - 


ment of the unsprung weight it is noted that the total 
energy of the blow is equal to total drop (h) times the 
weight of the plunger plus the average spring pressure 
exerted on the plunger falling through the distance 


(h). This energy is expended on an average resistance 
acting through the distance (d). The average resist- 
ance is obtained from 

pW 
In which, 


R =Average resistance. 
W =1,800 =Weight of plunger. 
f =Average spring pressure acting through dis- 
tance (hk) which value is obtained from 
figure 10. 
d =Total depth of deformation. 
h =Total height of fall. 
In this case as in the preceding one the average resist- 
ance is of value only when 1's effect can be expressed 
in static terms. An examination of the results indi- 
cated that the equivalent static effect on the copper 
cylinder was expressed by the relation 


Equivalent static load =2R—P 


P becomes zero when the height of fall (2) is greater 
than the cushion (d). When h=d (in small drops 
with rubber in contact with slab) the value for P is 
taken from the rubber deformation curve and _ is 
equal to the static load necessary to deform the rubber 
the amount it is deformed at the beginning of a par- 
ticular blow. 


RESULTS OF THE FORMULAE COMPARED. 


Tables 7, 8, and 12 show the equivalent static load 
as given by the copper cylinder and the maximum 
force as obtained from the above formulae. The 
comparisons afforded by these tables are exceedingly 
interesting. It will be noted that the tables show 
results obtained with the machine loaded in three 
different ways. Table 7 shows results obtained with 
a sprung weight of 6,000 pounds and an unsprung 
weight of 2,000 pounds. In table 8 the sprung weight 
is 6,000 pounds and the unsprung weight, 1,800 pounds. 
In Table 12 are shown results when only a freely falling 
unsprung weight of 3,050 pounds was used. In this 


table a very close agreement of results can be noted,. 


the average variation being 2.5 per cent. Also it 
can be seen that in this table the variations are such 
as might be expected in a series of observations, that 
is, that the variations are the same for high drops 
as for low drops. This would warrant the conclu- 
sion that the relation expressed above holds good for 
any amount of copper deformation. 
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FIG. 9—CURVES SHOWING THE RELATION OF COMPUTED VALUES 
OF STATIC EQUIVALENT LOADS AND THE STATIC EQUIVALENTS 
AS MEASURED BY COPPER CYLINDERS. 


TABLE 12.—Equivalent static load and maximum force for impacts of an 
unsprung weight for various heights of fall as measured by one-halj by 
one-half inch copper cylinders. 

















| 
| Ratio 
Freefall Total | Total Equiva- | Maximum | equivalent 
No. | (H. F.) height of | cushion | lent static | force (ecom-| static load 
eee fall(h). | (d). load. puted). to maxi- 
| mum force. 
| Inches. Inches. | Inches. Pounds. Pounds Per cent. 
Pert 1, 90 42; 0.6 22, 400 22, 150 99. 
Oma toe 2.20 aan . 700 24, 400 24, 060 98. 5 
agen ace 3. 42 3. 004 724 26, 000 25, 300 97.5 
4 SAOEODOG 2.73 3. 328 | 745 27, 500 27, 260 99, 0 
eG SOG Cty SEE Ooo) SEES eee Pees = caeayasnts| == ee ER ere ois = iegagcks.| < s,<:4 eo eeeER = 
Gh oodencd 3. 09 30002 | 760 28, 600 29, 760 104, 0 
cs antes 3. 34 3.980 780 30, 200 31, 100 103. 0 
Seeeee esi 3. 59 4,24 | 797 32, 700 32, 450 99, 2 
Woaacecaciccsenqs SHealancos SHOesbc COR MEBEe -c| ABBe OeMaee:c 4|5A 2 aeaeBeece emceAccprinic 
(hl Saaeee 4.15 4, 820 | 808 33, 000 36, 400 110.0 
i eee | 2. 00 2. 512 650 21, 500 23, 560 109 0 
Mee eres dove 2. 212 623 20, 000 21,640 108. 0 
Beran PAs tena codasaricneae seer YR = rasa | NC cea Ret os cxeoaoxaynsaye |=» a = 5 + AIS 
pace 1. 20 1. 608 | 553 16, 500 17, 740 107. 5 
: ASS c0G8 1.03 1. 424 | 532 15, 600 16, 320 104, 6 
‘ge conesracwoece ENE ES oneyeae ce ICCB = S| CoS AEM > - | ERO edsc «ara PREIS = = ss 
i eee . 463 . 728 407 11, 100 10, 920 98, 5 
NS). lee 286 472 | 328 , 6 8, 760 102. 0 
| 











Unsprung weight (w)=3,050 pounds. Sprung weight=0 pounds. 
_ Equivalent static load determined by use of one-half by one-half inch copper cyl- 
eee F is 102.5 per cent of equivalent static load. 

Table 7 shows that for low drops there is an average 
variation of 4.5 per cent and for drops between 1 and 
3 inches the variations increase from 10 to 27 with an 
average of 20.5 percent. This increase in variation can 
be accounted for by the fact that as the height of fall. 
increased the falling weights were interfered with by 
the guides and the beam which lifted the plunger. This 
interference would naturally reduce the total energy of 
the blow and consequently the theoretical force would 
be larger than that indicated by the copper cylinder. 
No slabs were tested with the machine loaded in either 
of the above described ways. For the actual tests the 
unsprung weight was 1,800 pounds and the sprung 
weight was 6,000 pounds. The results obtained with 
this loading are shown in Table 8. 

From the forégoing results it is apparent that a defi- 
nite relation exists between the force of impact as com- 
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puted from the space-time curves and the equivalent 
static load as indicated by the copper cylinder. It will 
be noted also that while the impact force, computed by 
the several methods has different values, a definite 
relation is shown between each value and the copper 
cylinder values, thus making the curves of practical use 
as a means of measurement of force. The indications 
are that the average force of impact as derived from the 
curves 1s one-third the maximum as derived from the 
tip of the curve, and the static load which produces 
the same deformation of copper is double the average 
or two-thirds of the computed maximum. 

It will thus be seen that we have been able to express 
impact in terms of an equivalent static load and through 
this medium of expression we are enabled to compare 
the intensity of impact exerted on road slabs tested 
as already described. 

In curve 3, figure 9, the equivalent static load is 
shown as given by the 4 by 4 inch copper cylinder. 
Curve 2 is the average curve developed from the space- 
time curves taken during the tests of different slabs 
ut Arlington. Curve 1 is the curve worked out by the 
acceleration method for the equivalent static effect of 
the blow when no cylinder is used, and while there is 
no relation between the methods used for curves 1 and 
2, they agree within about 5 per cent. 

The close agreement of curves 1 and 2 furnishes 
sufficient proof that a definite relation exists between 
the effect of impact force and equivalent static load. 


Curve 1 gives the relation between the equivalent 
static loads as shown by the copper cylinders while 
curve No. 2 is twice the average impact forces as 
computed from theoretical formule. The difference 
between curves 2 and 3 frepresents the effect of the 
copper cushion. The 4 by 4 inch copper cylinder 
values corrected by these differences represent the 
equivalent static loads which could be expected if no 
cylinder were used. From the foregoing it can be seen 
that there is ample evidence to warrant the assertion 
that the force of impact blows as delivered by the road 
impact machine can be expressed as an equivalent 
static load and thus is secured a means of comparing 
the resistances of pavement sections when subjected to 
impact. 


NEW BULLETIN ON MOTOR TRUCK OPERATION. 


Department Bulletin No. 1201 just issued by the 
Department of Agriculture, entitled “Motor Trucks on 
astern Farms,’’ while intended to be of use to farmers 
in the selection of trucks, contains considerable data 
useful to anyone interested in the operation of trucks 
for any purpose. It is largely a compilation of data 
obtained from 753 owners of trucks used for farm 
purposes. 

Experience has convinced 80 per cent of these owners 


6000 that trucks between the 1 and 2 ton size are best for 


their use and less than 3 per cent recommend larger 
trucks. The average length of haul is 10 miles and 35 
to 40 per cent as much time is required to make a haul 
of a given length with a truck as with horse and wagon. 
Twenty-nine per cent of the trucks travel usually on 
dirt roads and can not be used on the average during 
10.7 weeks in the year. The average distance traveled 
per year is 3,820 miles and the average life of a truck 
6.7 years, the large trucks lasting somewhat longer than 
the small ones. Based on present prices it is estimated 
that the average repair costs covering the entire life of a 
machine are something like $50 to $150 per year for 
}_ton to 2-ton trucks, the cost increasing with the size 
of the truck. The estimates of 318 men show that 
pneumatic tires run an average of 4,500 miles and the 
estimates of 206 men show that solid tires run an aver- 
age of 8,200 miles. 

The average number of miles per gallon of gasoline 
is about 15 miles for the 4-ton, 11 miles for the 1-ton, 
93-miles for the 14-ton, and 8 miles for the 2-ton 
trucks. On the basis of 27 cents per gallon for gasoline 
and 65 cents per gallon for oil the cost of these items per 
mile for 4-ton trucks is 2.1 cents, 1-ton trucks 2.7 cents, 


-14-ton trucks 3.1 cents, and for 2-ton trucks 3.8 cents. 


The average operating cost per mile, including 
depreciation, repairs, interest on investment, registra- 
tion, gasoline, oil, and tires is 8.2 cents for 4-ton trucks, 
11.9 cents for 1-ton trucks, 19 cents for 14-ton trucks, 
and 20.3 cents for 2-ton trucks. These costs do not 
include housing, taxes, insurance, and labor of the 
owner in making repairs. 
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PERMISSIBLE TOLERANCE OF 
SAND IN COARSE AGGREGATES 


By W. K. HATT, Director, Highway Research Committee, Division of Engineering, National Research Council. 


sand and a deficiency of pebbles, so that the gen- 

eral use of arbitrary concrete mixes of 1:14:3, 
1:2:4, etc., results in the accumulation at the plant of 
coarse sand which is wasted, except for limited sale. 
This coarse sand called “grits’’ runs from one-eighth 
inch to one-fourth inch in size. It lends strength to 
the concrete by permitting a workable mix with less 
water up to a point where the mix becomes too harsh. 

In some pits a division of the fine and coarse aggre- 
gate on a one-eighth-inch screen instead of the one- 
fourth inch would yield concrete of standard quality 
and conserve a natural resource by the use of a greater 
However, the one-fourth inch 
as the dividing screen between the fine and coarse 
aggregate has become so fixed in practice that 1t would 
be unwise to modify this standard. 

Another factor in the situation is that considerable 
coarse sand below the one-fourth-inch size clings to 
and comes through the screen with the pebbles and so 
lies with the coarse aggregate. By running the screens 
faster and thus increasing the production of the plant 
this amount of sand remaining in the coarse aggregate 
is increased. Specifications in the past have tolerated 
this coarse sand in the pebbles up to 5 per cent. Can 
this be increased in the interest of conservation and 


I- many gravel deposits there is an excess of coarse 
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FIG. 1—CHART SHOWING RELATION BETWEEN FLOW NUMBER 

AND PER CENT OF WATER FOR VARYING PER CENTS OF TOL- 


ERANCE. PER CENT OF WATER EXPRESSED AS PERCENTAGE 
OF CORRECTED WEIGHTS OF GRAVEL, SAND, AND CEMENT. 
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economy, without diminishing substantially the quality 
of the concrete or disturbing construction operations 
on the job? The materials testing laboratory of 
Purdue University investigated this question in co- 
operation with the Indiana highway commission and 
the Indiana Sand and Gravel Producers Association 
for 1:14:3 concrete as reported in the proceedings of 
the American Concrete Institute, 1921. 

Later a cooperative agreement was entered into with 
the Bureau of Public Roads extending the investiga- 
tion to 1:2:3, 1:2:4, and 1:3:6 concrete, using in each . 
case both a fine and a coarse sand as the fine aggregate. 
The present paper is an account of these tests. 

The indications of the tests are that in the case of 
the material used for 1:14:3, 1:2:3, and 1:2:4 propor- 
tions, a tolerance of 15 per cent may be allowed with- 
out substantially reducing the strength of the concrete 
and that the difference in the amount of water neces- 
sary to bring the various mixes to the same workubility 
is not sufficient to disturb the mixing operations. Con- 
crete of the 1:3:6 proportion became too harsh with 
such an increase of sand. 

Fundamentally, of course, the gravel beds present a 
graded material ranging from fine to coarse and it 
might not be expected that an arbitrary division be- 
tween fine and coarse on a one-fourth-inch screen would 
meet the technical elements of the situation. 


20 


‘DESCRIPTION OF TESTS AND MATERIALS. 


The gravel and sand were obtained from Indiana 
beds. The cement was a mixture of three brands of 
Portland cement. The methods of test were those 
recommended by Committee C-9 of the American 
Society for Testing Materials in the proceedings for 
1920, part 1, page 291, except that paraffined paper 
molds were used instead of steel molds. The concretes 
were all brought as nearly as possible to the same con- 
sistency as measured by the flow table. (See figs. 1 
and 2.) The index of the latter varied approximately 
not more than 6 per cent, which is very close. The mix 











|\o.asctei GOS 5,0 a:eysrereicreteee Coarse sand. 


was by volume. The following series appear in the 
results: 
4 | Series Mix. Coarse aggregate. |Fine aggregate. 
a — | 

1 ' 1:2:4 | Medium grading. .! Fine sand. 

2 aA ONES terse nes Coarse sand. 

3 | Dleokbe... 2 MO. ose Fine sand. 

4. | Weer. kas (3) a one | Coarse sand. 

5 py ee an. 2. eee | Fine sand. 

6 MRR 


The various curves (figs. 3 and 4) exhibit the sizes o! 
the material; and the physical properties of the sand 
and pebbles are as follows: 


Physical properties of the sand. 


Property. | Fine sand. | 











Coarse sand. 
Speeliveigpawity: ......c..ecccs.- sae eweewencumece 2. 62 | 2. 63 
Weight in pounds per cubic foot................ 107. 9 110, 4 
| Compression strength, pounds per square inch, 
DERORY Sac. os,28 he ee os. canneries 3, 600 4, 500 
| GRetinto Ottawersand: 2.2. . os ccoce cece ecceeccss 1. 46 1, 59 
| Surface area, square feet per pound............. 14, 08 | 10.96 | 
_ Bimenessinrodulver, ... 282. . s.. eeeseee es = 2.97 3. 48 | 


Physical properties of the pebbles. 





{ 








Property. Pebbles. 
fe : ee. a an | oe 
SPCGhACSPAVILY 2 ccc. cece csccceccs j 2. 56 
PNDGORP VION. <2: yaa pee eee oaleee orc 1.8 
| Sibs@elen Nemes. coe2 oer ee eevee 7.8 
H ilemtO erin) Chee eee | 6. 88 
| Surfacearea, square feet per 100 pounds 83. 8 
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FIG. 3.—SIEVE ANALYSIS OF SANDS AND TOLERANCE MATERIAL. 
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FIG. 4.—SIEVE ANALYSIS OF COARSE AGGREGATE. 
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FIG. 5.—STRENGTH OF CONCRETE AS AFFECTED BY INCREASING 
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The mix in terms of total aggregate is shown in 
Table 1. The water required to produce the con- 
sistency in the cases of the various mixes is shown in 


Table 2. 
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RESULTS OF THE TEST. 

Figure 4 shows how the strengths of the concrete 
are affected by an increasing amount of tolerance 
material. Figure 5 represents these facts on a per- 
centage scale. As shown by these curves the maxi- 
mum strength is reached with 5 per cent of tolerance 
material and there is a decrease of strength with 
increasing tolerance beyond 5 per cent. The following 
decrease is noted at 15 per cent tolerance from the 
strength at zero tolerance: 




















Per cent. 
lo oe ee Togo |e Tenet oe 
22: &.cearge scolar ee 5 
Lo? 22 une, 320 i ee 0 
1g ea eens: se00 — ee. Fee ee 10 
Re @ cal ine Sl Se a 9 
TR TORIONGOOESCESIMGEL © . WE... i oc ee ee cele eee eee eens 12 
eS o@ iis see, ee eee ee 10 

TasLe 1.— Volume of aggregate to one volume of cement. 
Volume cf aggregate to 1 volume of cement in mix. 

Per —— : epee — sae 
—_ Peed elas dh 223 | tases | 1:2:4 | 1e274 | taes6 | 123: 6 
aie B C with with with | with with with 

eon- con- fine coarse fine | coarse fine coarse 

; erete crete. | sand. | sand. | sand. | sand. | sand. | sand. 
= Sa eas al = - | 
Omens 3. 87 3.93 4, 24 4. 38 5.05 5,20 7. 67 7.95 
Dees. | 3.88! 3.97 4, 26 4, 59 5. 10 5. 21 hie 7.96 
ence 3 90 4.03! 4 30 4, 43 5. 16 5, 25 7. 76 7.97 
ors cue 3. 92 4, 05 4,32 4, 44 5. 20 5.31 7, 81 8.00 
i), aoe 3 93 4, 05 4.35 | 4.48 peop) (5. a2 7, 86 | 8.05 
12}. 3.96 4,08 4, 38 4.51 5982 15. 36 7.91 | 8.07 
ee... 2 3.98 | 407 4.41) 4,54 5.36) 5.41 7,97 8.14 
D0 cc. A 4.09 4.45 4.59 5.47! 5.45 8. 04 8.19 
a ie 4,13 4. 46 4. 60 5.52! 5.49 8.09 8. 20 
30%... z “ i 4,17 4.48; 4.60 5.55) 5.49 8.09 8, 21 

5 1 | 
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TABLE 2.—Gallons of water per sack of cemeni. 
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cent | Ple8B L133 C | 1:2:3 123 1:2:4 1:2:4 1:3:6 1:3:6 

fats con- | con- | fine coarse fine coarse fine coarse 

ante | erete. ' crete. | sand. sand. | sand. sand. sand. | sand. 
0 5 77 pane | 6. 10 6 10 7. 81 Tela 9, 22 8, 18 
gal 578) 68) Gis 6.15 | 7.96 718)" “ay 8, 29 
5 | 5.78 | 6. 30 | 6 20 6, 20 | 8, 09 7. 24 | 9. 43 & 44 
ve) 5. 93 | 6.25 6, 26 6.25 8. 34 dale 9, 56 8. 58 
10 5. 98 | 6, 30 6. 31 6. 31 | 8. 37 7 40 | 9. 67 | 8.73 
123 6.16 | 6. 37 | 6. 40 6. 40 8. 58 7.45 | 9, 86 | 8 90 
15 6.03 6. 46 | 6. 46 6. 48 8. 63 7.63 | 10.05 | 9, 08 
20 6. 25 6 73 | 6. 55 6. 56 8 70 7. 62 10. 23 | 9, 27 
25 6. 22 6. 87 "| 6 61 6. 64 | 8,91 Lek | 10 38 9, 42 
30 6.31 | 7.07 | 6. 64 6. 65 | 8.77 7. 70 | 10, 44 9.51 
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(Continued on page 26.) 
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FIG 7.—WEIGHT PER CUBIC FOOT OF COARSE AGGREGATE WITH 
VARYING PERCENTAGE OF TOLERANCE. 
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FIG. 8—WEIGHT PER CUBIC FOOT OF CONCRETE MIX WITH VARY- 
ING PER CENT OF TOLERANCE. 
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SUBGRADE DRAINAGE TESTS YIELD 


INTERESTING 


PRELIMINARY DATA 


By IRA B. MULLIS, Assistant Testing Engineer, Bureau of Public Roads. 


HE subgrade drainage experiments which have 
been in progress at the Arlington, Va., experiment 
station of the Bureau of Public Roads since the 

fall of 1920 are yielding some interesting preliminary 
data. The more important indications noted to date 
are that with deep drainage ditches unobstructed the 
upper layers of the soil contain more moisture than 
the underlying soil, a condition which is reversed by 
flooding the ditches; that treatment of the subgrade 
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SUBGRADE TREATED WITH WATER GAS TAR 
WATER GAS TAR PER SQ. YD, L7 GALS 


page 23. 





Each section was constructed entirely in 
cut and cutting below grade at any point was carefully 
avoided, so that the natural earth conditions would 
not be changed by any filling. The Susquehannah clay 
soil which composed the subgrade was not rolled, but 
at the time the pavements were laid it was unusually 
dry and compact. 

As shown by the cross-sections on page 22, the 
drainage of section 1 is accomplished only by the slope 


SUBGRADE PLOWED. TREATED WITH WATER GAS TAR HARROWED AND THOROUGHLY ROLLED 
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CROSS-SECTIONS SHOWING SLABS AND VARIOUS KINDS OF SUBGRADE TREATMENT AND DRAINAGE EXPERIMENTED WITH. 


with water-gas tar or the construction of cut-off walls 
along the edges of the surface have a marked effect 
in reducing the moisture content of the upper layers of 
the soil; that the amount of moisture near the sur- 
face is increased by alternate freezing and thawing, 
and that marked movement of the overlying slab re- 
sults from temperature changes as well as from the 
changes in moisture content of the subgrade. 


DESCRIPTION OF THE EXPERIMENT. 
For the purposes of the experiment 10 concrete 
slabs, each 14 feet square, have been laid and sur- 
rounded by ditches as shown in the illustration on 


of the earth shoulders and by longitudinal drains. 
In section 2, an attempt has been made to prevent any 
water from entering the subgrade by horizontal capil- 
larity from the shoulders, and to drain any excess 
water through the tile and gravel drain under the edge 
of the pavement. 

In sections 3 and 4, gravel is used for the purpose of 
distributing any lowes on the pavement as well as for 
draining and aerating the subgrade. 

rude water-gas tar is used in sections 5 and 6 to. 
waterproof the subgrade and thereby cause it to render 
greater support to the pavement. 
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Waterproofing has been resorted to on section 7, the 
attempt being made to waterproof shoulders from rain- 
fall and the insides of the ditches against horizontal 
capillarity. 

Horizontal capillarity is attacked in sections 8, 9, 
and 10 by the various methods indicated. 

The square plates shown in the illustration on this 
page are water-tight caps fitted over openings in the 
pavements which extend entirely through the slabs for 
the purpose of making examinations of the subgrade, 
taking soil samples for moisture determinations, etc: 
The sheet-metal-encased wells, shown in the shoulders, 


were provided to show the elevation of the ground - 


water. The casings of these wells are perforated below 
the surface of the ground to admit the water. 

The lateral ditches may be drained or flooded for 
the purpose of studying the effect upon the subgrade. 
Upon the completion of the studies involving the use 
of ditches, they will be filled with earth and the experi- 
ments continued. 

In addition to taking samples of the soil for moisture 
content determinations, a careful record of rainfall and 
daily temperatures has been kept throughout the test; 
and, to follow the movements of the slabs resulting 
from moisture and temperature changes, precise levels 
have been taken from time to time on brass plugs 





GENERAL VIEW OF EXPERIMENT. 


embedded in the four corners and center of each slab. 
The bench mark to which the levels are referred con- 
sists of a truncated cone of monel metal in the upper 
end of a 14-inch galvanized iron pipe rising from a con- 
crete base about 4 feet under ground. To protect the 
bench mark from the effects of temperature and frost 
the pipe was inclosed in a cylindrical casing closed at 
the top by means of a screw cap, and resting at the 
bottom on the concrete base, the lower end being 
waterproofed with 4 inches of heavy asphalt which 
securely seals the joint with the concrete base. 


CHART SHOWING EFFECT OF FROST ACTION ON CAPILLARY MOISTURE AT VARIOUS DEPTHS 
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OBSERVATIONS OF MOISTURE CONTENT AND SLAB MOVE- 
MENT. 


Moisture samples were taken from the subgrades 
throughout the fall and winter of 1920 but no great 
amount of water was observed until January 19 when, 
immediately after a 6-inch freeze, the following obser- 
vations were made: | 





Moisture condition. 





Frosty, free water pressed out. 


dry in appearance, still frozen. 
Free water one-half inch deep. 
Frozen and rather dry. 
Wet, slaked, and contains free water. 
Upper one-fourth inch very moist, still partly frozen. 
Ice crystals and slightly upheaved. 
Very wet, clay slaked. 
Dry. 
MEE, but no free water. 


0. 

Frosty on top. 

Drier than perhaps any section in experiments. 

Frost has upheaved surface. No water can be pressed out with thumb. 

Ice erystals under subgrade. 

Subgrade frosty and heaved. 

Pressure of thumb will squeeze out water. 

Clay under surface of subgrade moist. Top of soil not as bad as well 7 
of this section. This is probably due to borings which offer greater 
opportunity for drying out. 

Subsoil rather moist, but not wet. 

| Clay moist and disintegrated by frost. 

Clay slaked, no free water above surface. 

Ice crystals. 

' Free water one-fourth inch deep. 

_ Iee erystals showing. 

Somewhat frozen. 

| Frosty with ice crystals showing. 

1 inch of water standing on top of subgrade. 

Partly thawed, and clay slaked. 
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1 inch of free water on top of subgrade. 
Clay just under coating of water-gas tar entirely slaked and very wet. 
Same as well 1. 


10 


STR Re I I 


! The wells referred to are the 6-inch openings through the pavements to permit 
examination and sampling of the soil. 

2 Well between 3 and 7. 

3 Well to right of 7. 


A number of samples taken after the same freeze in 
an open field and on ditch banks near the experimental 
sections yielded moisture contents which are shown in 
the chart on page 23. The chart indicates very clearly 
that alternate freezing and thawing tends to increase 
surface moisture. The mild winter offered no further 
opportunity for the investigation of this phenomenon, 
but the study is now being continued by artificial 
methods. 

At all times when the ditches were unobstructed the 
wettest part of the subgrade was observed to be the 
upper surface. The samples taken to determine the 
variation in moisture content were first taken at ver- 
tical intervals of 6 inches, but later this interval was 
found to be too great, and samples are now taken at 
the following depths in inches: 4, 3, 3, 1, 2, 3, 4, 5, 6, 
12, 18, and 24. 

As noted in the chart on page 25, the natural rain- 
fall was supplemented in the spring of this year by 
the use of lawn sprinklers placed on each section. On 
May 30, after about two weeks of sprinkling during 
which time the artificial precipitation was several times 
creater than the natural rainfall at any preceding time, 


1 
3 | Ice crystals in auger holes. These holes seem to make this well rather 


the sprinkling was discontinued and moisture deter- 
minations were made for the several sections at various 
depths with the results indicated in the table below. 


Percentage of motsture at various depths under several sections. 












































| | Section No. 
Depth.! Ses =e a a 
Lil 22 3: 4 5 6 7 8 9 10 
i : | 
ae. | Series Si | nen emer Ps 
Inches. | 
4 | 26.4 | 25.3 | 26.3 | 24-3 | 21.5 920.3 | 22:4 | 1951 | 2056n ao 3s | 
! % | 23.3 | 21.4 | 24.3 : 22°1 | 21.377 19.8 | 21.5 | 28S (e204) esas 
= | 20.5 | 20:4 | 2321 | 21.3 | 1957 || 20) 1) | AGES | WS. a) bebe) ee 
1 | 19.1 | 22.7 | 21.4 | 19.6 | 18.5 | 20.0 | 20.4 | 18.3 | 20.2 | 18.8 
2 | 18.4 | 19.6 | 15.3 | 18.6 | 18.8 | 18.3 | 20.1 | 19.0 | 20.7 | 19.1 
3 148 | 18.6 | 19.2 | 18.6 | 19.0 | 15.0 | 20.6 | 18.5 | 19.9 | 19.1 





Moisture determinations were not made to a greater 
depth than 3 inches for the reason that as the depth — 
increased the moisture content was so low that it was 
considered unnecessary to sample deeper. Before 
sprinkling was discontinued it was decided that 
nothing would be gained by further sprinkling, since 
the subgrade was not becoming any wetter and the 
percentages of moisture above indicated represent 
approximately the maximum amount of water which 
would be absorbed by this particular soil under the 
climatic condition prevailing at that time and with the 
construction and drainage shown. 

Some idea of the movement of the pavement result- 
ing from changes in moisture content may be obtained 
from the chart on page 25. At only one time during 
the period represented by the chart was there a frost 
which penetrated to the depth of the pavement. The 
effect of this freeze is shown on January 19. The 
maximum observed lift on this date was 0.07 foot. 

The average movement of the various pavements 
for the whole period was as follows: 


Comparison of movement of various sections. 





! 
Average | 
move- ; 
mentin : 
thou- | 
sandths | 
of a foot. | 














SCNUSOr ee Oe 


— 


THE EFFECT OF STANDING WATER IN SIDE DITCHES. 


The effect of standing water in the side ditches has 
been under observation since July 15, 1921, when 
dams were built across the lateral drains to such 
height that the surface of the water in these drains 
stood approximately 18 inches below the subgrades of 
the various sections. The height of the water table in 
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the ditches has been kept constant as nearly as possible 
by allowing water to flow in daily except Sunday. 

On August 10 the average percentages of moisture 
at various depths under the several sections were as 
follows: 





























Section No. 

ee 2 M4 —- _. 

1 ! { 
Depth in 1 | 2 Bie, | sje ja |e | w 
inches. | _ | on 

Per cent of moisture 

+ al a : pa | 

{ ; 
0 to3.-... 19.2! 19.7 | 18.7 | 20.8 | 15.8 | 14.9 | 20.5 Og, | 19.9 | 17.0 
Os OlGmee 1+ 19.9 | 19.9 | 18.8 | 20.8 184 14.8 | 20.5: 19.9 19.8 | 17.3 
0 to 24....'| 20.0 | 20.0 | 19.2 20.8 | 17.0 | 36.2 | 21.0 | 20.4 - 20.3 | 18.8 
WSitows-..| Blas | 2ke2 20.6 | 2is2lOne enor salen oven Qindezoel 
24 to 30.. By) sg PAE TE | Palau 22.2 20.3 | 19.8 20.4 | 22.7 21.6 | 22.4 

| i | | | | 








It will be noted from the above figures that the 
average percentage of moisture in the subgrade increases 
with the depth—a condition just the reverse of that 
which exists when the lateral ditches are unobstructed. 
The flooded condition of the lateral drains will be 
continued for several weeks more and other moisture 
determinations will be made for the purpose of deter- 
mining what the maximum saturation will be under 
these conditions. 


MOVEMENTS CAUSED BY TEMPERATURE CHANGES. 


In the course of the measurement of the movement 
of the slabs it was noted that the elevations varied 
from day to day without any corresponding variation 
of the moisture content of the subgrade. It was 
thought that such changes might be due to tempera- 
ture stresses in the pavement itself. 

For the purpose of checking this assumption and 
detecting any movement which might occur very 
precise measurements were made every hour of the 
day and night across the center of section 1 and these 
readings together with the air temperature and the 
temperature of the upper and lower surfaces of the 
pavement are plotted on page 25. It will be noted 
from this graph that the edges of the slab turn down- 
ward as the upper surface is heated and upward when 
the top surface temperature becomes lower than that 
of the bottom surface of the pavement. 

The maximum change noted so far has been slightly 
more than one-twentieth of an inch. It will be ob- 
served that the cooling effect of the two rains which 
occurred during the period of observation produced 
rapid changes in elevations. These rather marked 
temperature-stress changes would indicate the need for 
more study and-research in pavement design as well as 
in subgrade preparation. 


PENNSYLVANIA PAGEANT DEPICTS PROGRESS 
OF HIGHWAY TRANSPORTATION. 


A Conestoga wagon built in 1802, a one-cylinder 
Cadillac car built in 1902, the famous “ Washington 
Coach” from Valley Forge, a Concord stage coach, a 


‘“‘one-hoss shay” built in the eighteenth century, and 
dozens of other ancient vehicles of all sorts were the 
features of a pageant depicting the development of 
highway transportation, which was held at Caledonia 
Park, between Gettysburg and Chambersburg, Pa., 
on October 4. , 

The pageant included 30 episodes, starting with a 
lone Indian on his pony to represent the earliest stage 
of American highway transport. Following were high- 
way scenes of colonial days, and the several later 
periods, leading. up to a representation of modern. 
transport in which a $15,000 passenger automobile 
was used. Each episode was introduced by appro- 
priately costumed heralds. 

During the last two years the State highway depart- 
ment has completed a concrete roadway which ex- 
tends from Harrisburg to Gettysburg and from Gettys- 
burg to Chambersburg. This road triangle is 113 
miles in length. Caledonia Park is midway between 
Gettysburg and Chambersburg on the Lincoln High- 
way. On one side of it are 135.5 miles of good road 
leading to Philadelphia: on the other side 161.2 miles 
leading to Pittsburgh. The section between Gettys- 
burg and Chambersburg represents the last word in 
modern highway construction, as does that from Gettys- 
burg to Harrisburg. 

Ten thousand persons were fed free of charge at an 
ox roast held at the park. Five oxen were spitted and 
roasted in a hollow square composed of 600 feet of 
tables. The pageant of road development, 1 mile long, 
formed at Graeffenburg Inn. The speakers’ stand was 
erected over the remains of the old iron furnance built 
by Thaddeus Stevens and destroyed in 1863 by the 
Confederates on their way to Gettysburg. 

The State police had charge of the immense traffic, 


which thronged all roads leading to Gettsyburg, Cale- 


donia Park, and Chambersburg. Parking areas were 
arranged to accommodate 10,000 automobiles. The 
State department of health had several emergency 
hospitals between Chambersburg and Gettysburg. 








(Continued from page 21.) 










It appears, therefore, that the recent action of the 
joint committee of the several engineering societies 
in recommending 15 per cent tolerance is reasonable. 
It is not clear that a gravel plant can deliver mate- 
rial of a uniform percentage of tolerance. However, 
if this tolerance does vary, the quality of the concrete 
and the water control in mixing will vary to a minor 
degree—minor in respect to the unavoidable vari- 
ations in other elements of construction. : 

It should be said finally that a laboratory investiga 
tion of this kind should be supplemented by a field 
study to determine if there may be difficulties arising 
in the handling of materials or from other causes whicl 
might qualify the conclusions. 
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NEW EXPERIMENTAL WORK BEGUN 
BY THE BUREAU OF PUBLIC ROADS. 


HE Bureau of Public Roads is preparing to un- 
ih dertake a number of new experiments which 
should develop information fully as interesting 
and important as the impact and wear tests which have 
attracted such wide attention. The new studies in- 
clude an investigation to determine the cause of wavy 
road surfaces, a study of the warping of concrete 
road slabs as a result of temperature changes, an ex- 
periment to determine the effect of slab vibration upon 
the movement of moisture in the subgrade, a study 
of impact stresses in bridges and other frame struct- 
ures, and a large scale experiment to test various de- 
signs of concrete surface sections. 


CAUSES OF SURFACE CORRUGATION TO BE STUDIED. 


The study of the cause of wavy road surfaces will be 
made on a circular track 15 feet wide and 180 feet in 
diameter, which is being built at the Arlington Farm. 
The circumference of the circle will be divided into sec- 
tions, each of which will be surfaced differently with 
various kinds of tar and asphalt pavement, some of 
them on concrete bases. The “traffic”? to which these 
sections will be subjected will be supplied by a driver- 
less motor truck, which will be held to the circular 
path by means of an arm extending from a circular guide 
rail mounted on concrete posts at the edge of the track. 
By a simple device the course of the truck will be al- 
tered from time to time so that the entire width of the 
roadway will be traveled over. At this time the sub- 
grade has been prepared, and the construction of the 
bases and surface courses will follow immediately. It 
is not likely that the actual experimental work will be 
begun until next season. 

The astonishing vertical movement of concrete slabs 
has already been observed in connection with other 
tests. The edges of such slabs have been found to curl 
up and down, depending upon the relative tempera- 
tures of their upper and lower surfaces. When the 
top surface is warmed the edges move downward; 
when the top cools the movement is in the opposite 
direction. The extreme movement observed so far is 
about one-tenth of an inch. A new slab has now been 
constructed and special observations of this phenome- 
non will be made. 

To test the accuracy of the common assumption that 
vibration of road surfaces increases the moisture con- 
tent of the upper layers of the subgrade soil, two new 
concrete slabs will be constructed. On one will be 


mounted a gasoline engine with an unbalanced fly- 
wheel, the revolution of which will set up vibrations 
in the slab. The other slab will not be vibrated. The 
effect of the vibrations will be studied by comparative 
observations of the moisture content of the soil under- 
lying the two slabs. If it is found that the vibrations 
do increase the moisture at the top, the gasoline engine 
will be used to accelerate the tests which are being 
made to determine the effect of subgrade moisture. 


INGENIOUS DEVICE TO STUDY BRIDGE IMPACT 
STRESSES. 


The study of impact stresses in bridges will be made 
with a new instrument devised in the bureau and now 
practically perfected. Attached to any member of the 
bridge the instrument makes a photographic record of 
the effect of amoving load. The deformation resulting 
from the impact is represented by a fine line on the pho- 
tograph. From the preliminary tests which have been 
made it appears that the results of the quickest blows 
are measured by the instrument. It is now being cali- 
brated and will shortly be put into use to obtain ex- 
perimental data. 


EXPERIMENTS WITH VARIOUS CONCRETE ROAD 
SECTIONS. 


The experiments on concrete sections will be made 
on the Columbia road in Arlington County, Va., and 
the cost of the construction will be shared by the 
county. Only a part of the road will be used for ex- 
perimental purposes. Various sections will include 
surfaces with different kinds of joints, some with longi- 
tudinal joints and some without. Some will be built 
with gravel subbases; others will be built over espe- 
cially treated subgrades in which the soil will be mixed 
with cement for a depth of 6 inches, using 1 part of 
cement to 20 parts of earth. Of special interest will 
be the various forms of ribbed sections and the various 
arrangements of different kinds of reinforcing material. 
The road is now under construction, but it will not be 
completed until next season. This experiment differs 
from the others previously described in that the various 
surfaces will not be subjected to artificial wearing or 
stressing devices. They will be actual road sections 
and will be subjected to normal road traffic, the weight 
and volume of which will be determined by careful 
traffic counts. 





az ee a 


28 


FEDERAL AID ALLOWANCES. 


a STATEMENTS APPROVED IN AUGUST, 1921. 



















































. Project 
State. a County. —— Type of construction. Raed eri hedge 
proved. 
H i 
INGIRAIO@AE. occ l cece cccce end i OLS CRY Dt 5 as ee os Seer care $173,468.28 | $10,000. 00 
(Ohh re ini 290, 004. 00 145, 002. 00 
164, 807. 50 | 82, 403.75 
118, 195. 00 | 59, 097.50 
GUO... occ ce cccceccccwakad 37, 998. 71 18, 999. 35 
59,990.81 | _ 29,995.40 
159, 999. 18 79, 999.59 
79, 997. 77 37, 360. 00 
89, 980. 99 44,990. 49 
66, 000. 00 33, 000. 00 
: 110, 000. 00 55, 000. 00 
WORRY 2.<. 2 o.< nodose ee . 3 49, 500. 00 24, 750. 00 
(Geni tee cme aes . Sand#elay and gravel.......--.-.----s« Aug. 5 53, 500. 00 17,500. 00 
Bituminous macadam..... ee ae Sete Aug. 11 123, 365. 13 1, 000. 00 
; plaps@lle.-... ca... eer eer enon one Aug. 5 52, 286. 00 26, 143. 00 
lig diay ales. .. ss euleceieeie sie = = re 201 | GIDSONSMSMOX o:. .-<.cciceo.ss onc Seems BRIBE i cssn,. -cisacis ootdenis =n 2o< see eee meeiserente July 28 544, 500. 00 272, 250. 00 
WANOUEMIEN: 5. occ s oeee ees ease sats CC, \\PEROMBUULDOLD sc : '. scinnc credo sie = oe ee ee ; ; 35, 640. 00 16, 250. 00 
SSE 00.6 5 ee Rc es 3 4 50, 517. 16 12, 000. 00 
87 | Doniphan......... 2 hE Ais ; = ; 111, 016. 40 a7 500. 00 
Keer welsy eee ewcie.« <2 s-0 15) [Eo iGls ocens eae Ropaenee nnn onchornsouece : ic i i : . 1 64,977.22 | 132,488.61 
37 | Breckenridge e 1 687, 782.29 | 1343, 891.14 
51 | Henderson..... : bed ae Ae ' 1 531, 080.00 | |! 265,540. 00 
BD | Weiler cssacer ce ecic = d son 408, 017.50 200, 000. 00 
RG | IUSRGHOD. <5. <2 .: nagiee =e sce cae seas : Beneltys 330, 000. 00 165, 000. 00 
fe2 | SW RRMNIA = Sierras a ees ie see i 78, 815. 00 39,407.50 © 
INIIMIGNIS 2. ss gece cco ss <o0 \ 80 | Amdr@seageint. — . o.ccc. coe slean cee emetct 1 3.008 | Gramele ....2.....¢ D aiainiaeistatetelelsinis < sia/0ere Aug. 6 74,139. 62 37, 069. 81 
Merviand” |... 2c. scecceee cel 1 | CHATIGSE. e . o ria 2.carneee nae cme oe eee 23. 340 |...0:. ADE is2.ccecs- = pice eee ee eee July 28 | 215,368. 86 2 2,536. 88 
SO | AmmogAmungel: & 22.2 -< sti = aeesmiece 1. 880, | (Conatietenec. sen... sc.ciee eae see Suisieece --08O.-.5| 2 oTes TT 27,157.61 
Massachusetts...........2.---6! GS) | DUSRORE or cane ate orem ner nice eee 4.552 | Bituminous macadam...............-- Aug. 27 211, 090. 00 91, 040, 00 
Bot |) IBOMIGHIBE see <5. < a -ciccie os sie nies rels-sicrsneins | 1. GBS, | ‘COMGRODOR. << 6. < 2:0: 0:s-sjnic sities seasons Aug. 5 100, 430. 00 20, 000. 00. 
OO8| VWOPGOShEDs. ...-. =. cc ceeee ane ennceeee . TGSee 2 CRE, PeEeP Ek 5 ROP enCenae aaa coe Aug. 27 74, 800. 00 23,360.00 — 
Cy Ble. See a cpemasecoccoescanesaconc: ’ 2. ONO. <1 (Gl Bp oo stoCadEpbEnconoSsasmananas ...40..../ 153,670.00 53, 500. 00 
Sh rc 49 —— ter Vo) Renee SoneMeeeee ease ai 12.700 | Concrete or bituminous concrete. -| July 28 634, 623. 00 294, 000. 00 
| Hoe lEBawee  . ates hice Seances age 8.800 |..... CTT lee aN RS Cr ...d0....| 338,470.00 | 169, 235. 00 
JS0h Ta): 10): a rer ; NOD, | WCAC... 2c Se iiscre ce xincie caliens «waster Sacre loi cereale Brick, concrete, or asphalt............ AMM, BBO). . cation. ccs 1 45, 000, 00 
PAY | RPC 8 oe co cae ne sence woe see | 16.520 | Gravel 157, 773. 66 1, 000. 00 
BO | SUBYOURNCL. 2... cose cecc cs ccccec ce eee 17.420 | Concrete, brick, or asphalt..........-.- a edee..: 635, 462. 25 10, 000. 00 
211 | Pope and lng aqasaedocodunonanarie 15. 220 | Gravel B AGOE ote 179, 578. 24 10, 000. 00 
217 | Sherburne. ....... ; 9.960 |..... do... 3 Bayer 133, 462. 61 10, 000. 00 
221 ; Ormsted....- os 10.680 |..... dor. sas 56, 390. 40 5, 000. 00 
Mississippi..........- wae «soe | (02 | Meeker. .-.2: 18,650 |..... do.. = q 2 12, 232. 98 26, 116. 49 
| Sa | Rate... .. os cs <n cere mememtoe 9, 760. |L...- do. : 134, 421. 38 67, 210. 69 
TGs | ClaMRB detec cnc 552s ois se OO a 18. 000 Earth and gravel 4 128, 141. 20 57, 663.54 
TLD | InawelemetatOmee, = oo. asccceee eee eee 4.150 | Gravel 36, 133. 90 18, 066. 95 
| 125 || MGR ORAS. .. Aaa. cccene scene once cece ae ; 14. 200 |..... Co SES eAS coanccoce SARs cin 4 128) 469. 00 64, 239. 50 
hae | SeeerlRAMON: «6... <cecee = orcee acca ce ee 8.900 |.....do 104, 417,50 52, 208. 75 
] Dee | PNWARDOR..... ooo gcuie eens yee teas. ese Seen 6. 400) |..... do 68, 769. 25 34, 384, 62 
| ei LOCUM... 5 cs ceeeeee emis eed eacen ie 9.400 | Gravel 109, 758. 00 54, 879.00 
IN Gon. 2 rr Ties) | ESRI <x: x s.ccrccie sense oc cece ec ciss Seem 2.000 | Earth 11, 550. 00 5, 775. 00 
New Memieo...............--. GG) | eLI@Retens. 2. noes eee ces ae ere 11.500 | Earth and ealiche 41, 569. 00 20, 784, 50 : 
(0) e865 ec AO. 6 eee aan Soon ower cede eee ' 14.000 | Earth a: | 23, 925. 00 11, 962, 50 
as \MMIAOHI@ION © 25s oo eee nee ae aa 7.000 | Stone surface g, 53, 328. 00 26, 664. 00 
NIG? YIGEIGMES:.... sc cca costae Het | Opapioet 2... ss. ces aoeeo eee eee 600 | Bituminous macadam or concrete 77, 000. 00 17, 195. 00 
To) | SerenOtie... 22. ...< cy erence en ay c= = eee cla < cS Bituminous macadam 1 100. 00 1 135,15 
| TRS | OWBCGOR. <i... cc csc oa cas en ecieceeaee : . 500 | Bridge (railroad crossing) 100, 000. 00 24, 000. 00 
North Dalsota:..............5. Bab | EYMMOS SS c. oaiccctes tcc: bce 2 eee 7.000 | Gravel 39, 270. 00 19, 635. 00 
jG) | ORE. sc conse conse bac eens 15.000 | Earth 47, 300. 00 23, 650. 00 
(Ole) ,, i arn ene Bm | VAD): | OGURE oc ce eee ees cone eee 4.376 | Brick or concrete g. 237, 000. 00 41, 000. 00 
ates | Wihaneer. —..< 2 occne seams sae ee 6.006 | Concrete or Kentucky rock asphalt....) Aug. 12 266, 090. 00 80, 000. 00 
210 | fulton.. : 3. 359 | Concrete 65, 000. 00 
OME | ooo. ta) Be OUR) |... ORE ee eee eee eer 40, 000. 00 
FY UAT Co Nn eee eae ee em. 2. USB occa5 CUBE - ace. cS Cee 20, 000. 00 
218 Tuscarawas 3.342 | Concrete or brick 15, 000. 00 
: .  222,| Medina 3.612 , Concrete SeGOs ae 70, 000. 00 
South'Carolimas.........------ ae | AVSbentOMe 2... -. 2. 522. s ans anddeeee | 10, S64 | Tepienee cs. oe oer eee 38, 471. 03 
IPD ) Groenniler. «oc. .2-- ee neceeeeee 1.000 | Concrete or bituminous concrete. .- 19, 637. 94 
TSP | Aiobpeillog. .:. 0... 2.cnencescteceene- 2.950") TOpepiille: .. - . 2% 222200 <==, a ae : 3, 458, 80 
SouthsDalktotes.-. 22. sess.- 25. H TG } WeCLODMG 252. 5.) eee 19. GB) 0) WWM... .<.. = 22532000225 .« 2 eee j , 790. 43, 395. 00 
TS | WED ORES -.-s<022 525052 2 cee TB. GO TR. Om «oA ges 5) Se oe 52, 014. 60 
NONAOM.... « cgeuenen-< 25-5 e BN # AraViGR.. <.-.c8s8o siacuece ce eee | . So TSR: Grenell: 0.2.25 See nee. cee een i. 249) 107. 49 50, 000. 00 
Ro tet | Wibomstene 28255..5 sccc occn sc eee 15.710 | Sand clay... sed ..... 119, 135. 06 30, 000. 00 
Wrest Witting: .........-.--.64 BS | erestOteredses.. ..- ccc csecesnceaesens 11.560 | Bituminous macadam 1 12, 560. 00 19, 280. 00 
ie ¢ GROUMNMG. . .... 22 2: nce eee 13. Q8O §. Harghk ... ....<-scu cen... e een cee s+ coe Oo ea ee _. 
© | Gilet... 5... ee Tt 15 — aie ek r "2°10, 150.00 |” 25,075.00. 
WHISCOHSIING 2 55 ss. cccccnceesie 0 SRC i er eee nae . Oey Ut ORME... cce.s.< <. c/s See ee ais ae ; 176, 002.20 63, 854. 67 
SS) A ONO cs «nic <a aise eee. aia See 4.340 | Mine tailings Bee | 63, 481. 00 20, 000. 00 
a)! DOOR. 5. oa ,/s re ates « << see 7. ono | Tipethet .. wee... .- 2:5: 2a, . eee on oe) 74, 046. 50 30, 000, 00 
Pol, 7 weenie.) eee. eee | 2. ey) | Pop sOWe coms: .... 2.5). eee eee eee ’ 21, 125. 29 9, 000. 00 
Mel 1 WOON aac. scent .peseam ac aoneeeena 2..Ge0 5 COMONClON: .. 2... ....2cc see eee meee 65, By Be 29, bo 
MBN GRR. cana cence hee oe ee Ne HO Te. 23 TU a: 2 Nay ch erecia chee i 26, 000. 00 9, 920. 91 
WiMOMiA PRO oo. coeoedenies.. M1 | HSU e a! LI: ts ates OSES ee | 2:38) GAGRUIIRS . 55s... eee bi 32, 670. 00 16, 335. 00 








1 Revised statement. Amounts given are decreases over those in the original statement. 
2Qevised statement Amoumts given are increases over those in the original statement. 


Correction: New Jersey aaa -aid project No. 32, reported as approved in the August number is a concrete road and not —— 
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ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS. 


Applicants are urgently requested to ask only for those publications in which they are 
particularly interested. The Department can not undertake to supply complete sets, 
nor to send free more than one copy of any publication to any one person. The editions 
of some of the publications are necessarily limited, and when the Department’s free supply 
is exhausted and no funds are available for procuring additional copies, applicants are 
referred to the Superintendent of Documents, Government Printing Office, this city, who 
has them for sale at a nominal price, under the law of January 12, 1895. Those publica- 
tions in this list, the Department supply of which is erhausted, can only be secured by 
purchase from the Superiniendent of Documents, who is not authorized to furnish pub- 


lications free. 
REPORTS, 


*Report of the Director of the Office of Public Roads for 1917. 6c. 
Report of the Director of the Bureau of Public Roads for 1918. 
Report of the Chief of the Bureau of Public Roads for 1919. 
Report of the Chief of the Bureau of Public Roads for 1920. 


DEPARTMENT BULLETINS. 


Dept. Bul. *105. Progress Report of Experiments in Dust Preven- 
tion and Road Preservation, 1913. 5c. 

*136. Highway Bonds. 25c. 

220. Road Models. 
*230. Oil Mixed Portland Cement Concrete. 10c. 
*249, Portland Cement Concrete Pavements for Country 
Roads. 15c. 
257. Progress Report of Experiments in Dust Preven- 
tion and Road Preservation, 1914. 
314. Methods for the Examination of Bituminous Road 
Materials. 
347. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 

*348. Relation of Mineral Composition and Rock Struc- 
to the Physical Properties of Road Materials. 
10c. 

The Results of Physical Tests of Road-Building 
Rock. 15ce. 
*373. Brick Roads. 15c. 
386. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 
387. Public Road Mileage and Revenues in the South- 
ern States, 1914. 
388. Public Road Mileage and Revenues in the New 
England States, 1914. 
*389. Public Road Mileage and Revenues in the Central, 
Mountain, and Pacific States, 1914. 15c. 
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